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Summary 
Fresh and accessible water for all is an essential part of the world we live in. Water 
production is linked to energy consumption fundamentally and vice versa. Over recent years, 
water-energy nexus draws more attention in many research and policy areas as two of the 
leading sustainable development goals (SDGs). At the current time, more than 2 billion people 
are living with the risk of reduced access to potable water supplies and it is predicted that by 
2050, at least one in four people is likely to live in a country suffered from drinkable water 
shortages. Consequently, the demand for alternative water sources, including desalinated water 
and recycled water has increased in recent years. However, one of the main challenges on the 
current desalination process is on the sustainable operation, that means utilizing less energy-
intensive technologies in conjunction with the low-grade waste heat or renewable sources and 
with minimum environmental side effects. 
This research investigates the potential of using permeate gap membrane distillation (PGMD) 
technology for sustainable seawater desalination by experimental and numerical analysis of lab 
and pilot scales PGMD setups, respectively in plate-and-frame and spiral-wound 
configurations with 0.04, 0.1 and 10 m2 effective membrane areas. The achieved results of the 
lab-scale study have been applied to estimate the specific thermal energy consumption (STEC) 
and the effective operating parameters of the conventional PGMD system to achieve the highest 
system efficiency. Besides, the primary findings have been assisted for the optimum 
experimental design of the pilot scale spiral-wound PGMD module to be integrated into the 
renewable energy sources. As an emerging and innovative part of this project and to approach 
further to sustainable desalination concept, the potential of combined water and power (CWP) 
production with PGMD configuration has been investigated. The hydraulic pressure has been 
generated within the module by controlling the permeate gap hydraulic pressure via 
considering some restrictions at the permeate line. The experimental study has been established 
by investigation of the performance of different hydrophobic commercial membranes in the 
CWP process under the constant operating conditions. The achieved results not only explored 
the effect of produced permeate hydraulic pressure on the permeate flux and power density but 
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also investigated the influence of membrane sample’s structure in the CWP process. Overall, 
the all accomplished stages within this Ph.D. candidature on design, development and 
theoretical study of PGMD desalination rigs for fresh water production and the CWP purposes, 
provide a substantial contribution in the field of sustainable water desalination by MD 
technology. Trust that the resulted publications within the duration of this Ph.D. project, have 
contributed effectively to develop the sustainability concept on the future desalination systems 
further. 
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Chapter 1: Introduction 
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1.1 Research Background and Scope of the Thesis 
 
With the growing scarcity of drinkable water, the implementation of desalination plants is 
increasing on a large scale. Desalination processes are applied widely via different 
technologies. Reverse osmosis (RO) is known as the most widely developed industrial 
desalination technology is an electrically driven process. There is a high demand to develop a 
more sustainable way of desalination process utilizing the thermal driver process and via 
applying low-grade waste heat or renewable energy sources.  
Membrane distillation (MD) is a thermally-driven process which usually operates at a lower 
temperature compared to traditional thermal desalination processes, such as multi-stage flash 
(MSF) and multi-effect distillation (MED) and under atmospheric pressure. This technology 
has the potential to develop with the lower capital cost and to be operated in conjunction with 
low-temperature waste heat or solar energy for saltwater desalination. There are more research 
studies in the developing of MD as a sustainable desalination process in recent decades. 
However, the available data on long term operation of MD systems in conjunction with 
renewable sources still are so limited and varied in a wide range. This project's main scope is 
the investigation of the performance of sustainable designed membrane distillation technology 
for seawater desalination purpose, to obtain more reliable and comprehensive data on this 
recently emerged technology for real-scale applications. In this research, PGMD has been 
selected as the module configuration, which few experimental and modeling study has been 
conducted on it. In the PGMD configuration by considering an additional channel to separate 
the produced permeate from the coolant, the internal heat recovery within the system operation 
will be possible. This feature will reduce the STEC of the process, improve the overall energy 
efficiency of the system in compares with conventional MD configuration and led to more 
sustainable system operation. For this purpose, a lab-scale plate-and-frame PGMD module with 
0.12 m2 effective membrane area has been designed and tested in the first year of this Ph.D. 
project. The module performance is studied in terms of produced permeate flux and quality, 
gained output ratio (GOR) and STEC, experimentally. A single node theoretical model has also 
been developed with Matlab and the developed model validated with experimental data.  
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Furthermore, the experimental study has been scaled up to the next stage by designing, 
manufacturing and assembling of two pilot-scale PGMD modules in plate-and-frame (0.5 m2 
membrane area) and spiral-wound (10 m2 membrane area) configurations. To be able to 
investigate the system performance in the larger scale, an inclined flat PGMD setup with a 0.5 
m2 membrane area has been designed. This plate-and-frame module has been manufactured in 
a way to be able to change the module inclination angle and investigate the module operation 
performance under different module inclinations to identify the most efficient module 
inclination degree. The developed pilot-scale PGMD module with 2 m length could provide 
more residence time for the feed solution in the channel, which will lead to higher internal heat 
recovery in the flow channel and higher GOR. Moreover, the supplied commercial spiral-
wound PGMD module has higher energy efficiency in compares to other available 
commercials MD module because of the internal heat recovery feature [1, 2]. The primary 
hydraulic and heat transfer study has been accomplished within the two developed pilot-scale 
PGMD systems. However, the long-term performance of the systems has not been studied 
within this Ph.D. project as the emerging of some promising potential of the developed system, 
which led to new objectives. As the future follow-ups of this research, it is recommended to 
evaluate the long-term performance of the developed pilot-scale modules by conducting the 
indoor and outdoor experiments in integration with thermal solar systems. The initial indoor 
tests might be conducted by using electric water heater as a heat source, to estimate the overall 
thermal energy demand of the process. The indoor test results could apply to design the outdoor 
test rig by integrating the desalination module to the thermal solar collector sources. 
In the second year of candidacy, an emerging potential of the developed PGMD system for 
combined fresh water and power production (CWP) has been realized as a breakthrough 
research area. In this concept, the permeate outlet valve has been throttled by considering some 
restrictions, as opposed to discharging the permeate to the open container at the atmospheric 
condition in the normal PGMD process. Therefore, the permeate stream gradually pressurized 
and some hydraulic power produced. The CWP concept feasibility evaluated by designing two 
experimental configurations; one by transferring the produced permeate into different height 
and the second by storage of the produced permeate in the air sealed pressurized tank. The 
maximum achievable hydraulic pressure within this process is dictated by liquid entry pressure 
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(LEP) of the applied membrane. In this study, different commercial hydrophobic membranes 
including polyvinylidene difluoride (PVDF) and polytetrafluoroethylene (PTFE) with a pore 
size in a range of (0.02 m to 0.2 m) from different suppliers have been utilized, and the effect 
of permeate hydraulic pressure on the permeate flux and power density has been explored. As 
a further investigation, each membrane sample’s performance has been investigated by 
mounting the active side of membranes in two different orientations; one by facing to the hot 
channel as standard applied configuration in typical MD systems for desalination purpose (ALF 
orientation) and the other by mounting the active side of the membranes toward the permeate 
channel for CWP purpose (ALP orientation). This part of the study also compared the pristine 
and compacted membrane samples performance within the CWP process. The accomplished 
experimental and theoretical study on desalination and the CWP process utilizing a unique 
PGMD configuration provides a valuable source of fundamental and technical data in this field. 
It also could be claimed that the resulted research data on the CWP process through MD system 
have provided a state-of-art contribution in this research field. 
 
1.2  Research Questions 
 
1. What are the critical design parameters & effective system operating conditions in a 
laboratory-scale PGMD desalination set up to enhance the overall system efficiency? 
2. How could the mathematical model be developed to accurately predict the PGMD 
system performance in conventional desalination and CWP purposes? 
3. What is the feasibility and potential of the CWP process by the PGMD system mounting 
different commercial hydrophobic membrane samples? 
4. How could PGMD systems develop efficiently on a larger scale to operate the 
desalination process more sustainably? 
 
1.3 Research Objectives 
 
A.    Explore the performance of a plate-and-frame PGMD module in 0.12 m2 membrane area 
in terms of effective operating conditions, efficient system components and whole module 
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configuration concerning the main performance parameters, including permeate flux and 
thermal efficiency. 
B.    Develop effective theoretical models to predict the PGMD system performance for 
conventional desalination and CWP purposes and validate with experimental results. 
C.    Investigate the CWP process efficiency through PGMD system utilizing two power 
harvesting techniques and different commercial hydrophobic membrane samples. 
D.     Design and development of two larger-scale PGMD setups in 0.5 m2 and 10 m2 membrane 
surface area, respectively in inclined plate-and-frame and spiral-wound configurations for 
investigation of the long-term system operation. 
 
1.4 Research Outputs 
 
A.    Practical PGMD system design and manufacturing on the laboratory scale.  
B.  Advanced engineering design of pilot-scale plate-and-frame and spiral-wound PGMD 
setups, respectively in 0.5 m2 and 10 m2 membrane area for seawater desalination purpose.  
C.    Efficient PGMD system operating conditions to establish sustainable desalination process 
operation in the laboratory and pilot-scales. 
D.    Two numerical models capable of predicting/exploring the performance of PGMD systems 
in conventional desalination and CWP systems. 
E.    Feasibility of the CWP system utilizing a unique PGMD rig in 0.12 m2 membrane area. 
F.    Further analysis of the CWP process by the advanced design of a second PGMD module 
in 0.04 m2 membrane area by applying different commercial hydrophobic membranes. 
G.    A thesis supported by publication of one book chapter, two peer-reviewed Q1 journal 
papers (Impact factors ~ 6.5), two Elsevier peer-reviewed journal papers (Energy Procedia) 
and one under review Q1 journal paper (Impact factor ~ 6.25) as the first author, which is 
reflecting the details and findings of this Ph.D. research. 
 
1.5 Research Methods 
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This Ph.D. project focused on both experimental and numerical modeling approaches to 
achieve the research objectives. The project is included in the design and manufacturing of 
PGMD modules in different scales and structures, which was involved with ongoing 
modifications and improvement in the module components, materials and configurations. The 
CWP concept feasibility using MD system is also investigated within this research, to approach 
further to a sustainable desalination alternative. The main aim is defined to be able to run the 
desalination and CWP processes within the developed PGMD system in ideal and optimized 
conditions and improve the overall system efficiency. This research is embedded in the fields 
of thermodynamics, fluid dynamics and particularly heat and mass transfer phenomena through 
porous media (polymeric membrane). Here is the summary of the utilized research methods to 
answer the considered research questions: 
 
•    Conducting a comprehensive literature review on conventional desalination and 
CWP process by MD system (RQs 1-4): To be able to establish a good background of the 
current status of this research topic, the latest development and current gaps, a thorough 
literature survey has been accomplished. The literature review continuously has been updated 
with the new released findings and data as research progressed. 
Conducting an extensive literature study at the different stage of projects led to gaining an 
overall background on membrane-based power generation systems, such as pressure retarded 
osmosis (PRO) and reverse electrodialysis (RED) [3-5] and encountering to novel explored 
potential of power generation by utilizing MD technology [6]. Considering the real potential 
for power generation by the MD system, investigation of the CWP process feasibility by the 
developed PGMD system is defined as a new project objective. Hence, more literature survey 
has been conducted on this topic, and only few publications have been identified considering 
the novelty of the research field. The initial accomplished literature survey on “fundamental 
theoretical and experimental background of PGMD technology” and “MD systems integrated 
with solar energy” published as a book chapter in “Emerging Technologies for Sustainable 
Desalination Handbook” in Apr. 2018 [7]. The second accomplished literature survey on the 
CWP process is published as the introduction part of the “Further investigation of simultaneous 
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freshwater production and power generation concept by permeate gap membrane distillation 
system” paper in JMS in Feb. 2019 [8]. 
 
•    A step by step experimental approach on designing, developing and testing a lab scale 
PGMD system (RQ1): The PGMD module's performance initially studied by designing a lab 
scale PGMD module in 0.12 m2 membrane area. The module dimensions and configuration 
has been designed considering the available literature data in terms of the main system effective 
parameters. The system components, including gasket material, spacer type, membrane 
material, module frame structure, assembly configuration, etc. are selected based on exploring 
the best available knowledge in the literature and supervisory team advice. The setup 
configuration also has experienced several improvements based on the system performance 
during the initial set of experiments and by considering the new process requirement (CWP 
process) to obtain more accurate and reliable data. The module performance is investigated 
under different operating conditions, including different hot and cold fluid temperatures, flow 
rates and salinities. The main experimental output parameters defined as the permeate flux and 
STEC. The achieved results by the developed lab-scale setup were published in Desalination 
Journal in June 2017 [9]. 
 
•    Modeling and numerical study of a lab-scale PGMD module in the desalination process 
(RQ2): Firstly, to model the PGMD module performance for desalination purpose, a single 
node model is developed by Matlab Equation Solver. The modeling is accomplished by 
establishing the heat and mass balance correlations within the PGMD module. The main 
operating parameters are considered as temperature, salinity and flow rate at the inlet and outlet 
of each channel. Hence the PGMD module was in the lab scale, the parameter variation along 
the channel length is ignored, and the bulk temperatures and salinities at the two sides of the 
membrane are assumed equal to the average of inlet and outlet figures. Therefore, a single node 
model is developed by Matlab software to model the system operation. The known and 
unknown parameters based on the applied experimental values have been defined and the same 
input value as an experimental operating condition defined as input for Matlab theoretical 
model. Some assumptions have been considered to simplify the modeling approach, but still in 
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close agreements with the experimental conditions. By accomplishing PGMD modeling the 
permeate flux and thermal energy consumption dependency to the modular design and system 
operating conditions has been identified. The developed model compared and validated with 
the experimental values, besides the efficient operating conditions is estimated within the 
developed PGMD system.  
 
•    Numerical study of the lab-scale PGMD module in the CWP process (RQ2): At the 
second stage, by modifying lab-scale PGMD rig for CWP purpose and in conjunction with the 
experimental approach, the theoretical modeling of the process by developing relevant energy 
and mass balances have been established. At the first stage, the theoretical model has been 
developed by considering some simplifying assumptions considering the ideal system 
condition, that assumed a temperature polarization coefficient (TPC) and thermal energy 
efficiency (EE) equal to 1. In the next stage, the developed model has been modified to predict 
the system performance for the real CWP condition. In this condition, TPC and EE are not 
assumed equal to 1 to simulates typical desalination system hydrodynamic condition. The 
theoretical model predicts the system performance (permeate flux, power density, and overall 
efficiency) for a high range of generated hydraulic pressure, which is not feasible 
experimentally by the current membrane system technology. This modeling approach has also 
provided a good insight into the CWP process potential in the case of the availability of 
advanced membrane with high LEP. 
 
•    Experimental study on the feasibility of the CWP process by PGMD configuration 
(RQ3): The possibility of simultaneous power generation and water production as an emerging 
potential of MD technology has been explored in the middle stage of this Ph.D. project. To be 
able to examine concept feasibility, the first stage of experiments has been conducted by 
utilizing the initial developed PGMD setup in 0.12 m2 membrane area and by applying 
hydrophobic polyvinylidene difluoride (PVDF) and polytetraﬂuoroethylene (PTFE) 
membranes with an average nominal pore size of 0.2 m supplied from two different 
manufacture. To be able to measure a small amount of hydraulic pressure in laboratory-scale 
two different power generation setups, including permeate head riser and the sealed pressurized 
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water tank, have been designed, assembled to the MD module and tested. In the accomplished 
study, the rate of produced hydraulic pressure and power density under constant feed flow rate, 
salinity and temperature utilizing two different commercial membrane samples have been 
investigated. The effect of generated hydraulic pressure on permeate flux reduction is also 
studied. The optimum hydraulic pressure to have the maximum produced power and the 
corresponded permeate flux in constant operating conditions has been defined and compared 
with other efficient thermodynamic cycles. The first achieved result of the experimental and 
theoretical study of CWP process feasibility by MD system has been published in JMS in Feb. 
2019. 
 
•    Further experimental investigation of CWP process by new designed PGMD module 
(RQ3): By achieving some promising results on CWP concept feasibility with the primary 
PGMD rig and by accomplishing a good understanding of the system issues and faultier points 
under high hydraulic pressure values, the second experimental module has been designed and 
developed. For this purpose, a thorough literature study on module design and all system 
components including channel materials, channel gap, gasket type, and membrane samples has 
been conducted. The module designed in a way to be able to resist against high internal 
hydraulic built-up pressure in the permeate channel and to avoid any air/water leakage within 
the process. The design, procurement of the required material and manufacturing process 
accomplished by the assistance of RMIT school of Eng. workshop team During the 
manufacturing process, an extensive investigation also accomplished on the most advanced 
available commercial hydrophobic membranes with small pore size and high hydrophobicity 
to be mounted and examined in the laboratory scale module. The accomplished research on the 
best available commercial hydrophobic membranes for CWP purpose led to supplying of 
hydrophobic PTFE sample with polypropylene (PP) support in 0.1 m pore size and PTFE 
sample with polyester (PET) support in 0.02 m and 0.2 m pore size. A wide range of initial 
experimental tests performed on the developed aluminum module in 0.04 m2 membrane area 
to recognize the best gasket type and the best configuration of gasket /membrane assembly. By 
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running the CWP process in the metal module, a wide range of promising results achieved, 
which the prepared manuscript will be submitted to a Q1 journal in 2019. 
 
•    Experimental approach on designing, assembling and initial testing of two large scale 
PGMD setups for seawater desalination purpose (RQ4): Applying the knowledge and 
experience achieved with the developed laboratory-scale desalination setups, larger-scale 
PGMD rigs in flat and spiral-wound configurations has been developed by considering the 
identified effective parameters in system design and components. The second flat MD setup 
has been designed in a similar configuration to the lab-scale setup with polyacrylic sheets but 
in five time’s larger membrane area, 0.5 m2 of effective membrane area. The second PGMD 
module in 260 mm*2000 mm dimension, has designed with the feature to be able to change 
the module inclination degree in 5, 15 and 30 degrees to be able to investigate the effect of 
module inclination on the desalination system performance, particularly heat transfer rate and 
permeate flux. In the second developed PGMD rig, both aluminum (AL) plate and impermeable 
plastic (PP) sheets have been mounted and tested as the condensing surface. Besides, the 
channel spacers have been supplied and manufactured in diamond shape plastic (PP) and plain 
weave-woven stainless steel (SS 316) materials with a wire diameter of 1.20 mm and aperture 
of 3.03 mm. It will be expected that by mounting AL condensing surface and SS mesh spacers 
with higher thermal conductivity in compares to the applied impermeable PP sheet and plastic 
mesh spacer within the lab-scale setup, the overall system performance could improve. SS 
mesh with higher thermal conductivity could decrease the temperature polarization effect and 
improve the heat flux within the MD module channels. This parameter is investigated by 
Swaminathan et. al. [10] as a conductive gap (CGMD) configuration in compares to the 
traditional PGMD system. In this research, it is confirmed that utilizing the different types of 
metal spacers in aluminum and copper sheets within permeate channel, the performance of 
CGMD could improve in terms of permeate flux and GOR compares to typical PGMD 
configuration. The main reason for improved permeate flux and GOR in CGMD configuration 
is justified by enhanced heat transfer within the MD module. Such that, the heat flux from the 
coolant channel to the permeate channel could be improved and which could lead to a more 
substantial temperature difference across the membrane surface, therefore could lead to higher 
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permeate flux. All system components, including sensors, heating elements, etc. have been 
prepared and assembled in a professional way by considering the achieved results of the first 
lab-scale setup. The pilot-scale setup also pre-tested and analyzed under typical operating 
conditions, which led to a few modifications in module configurations in terms of module 
length, gasket material and frame structure. The initial hydraulic tests and heat transfer studies 
have been conducted with fresh water feed within this project, which described in Appendix 1. 
•    Moreover, within this Ph.D. project, a thorough literature survey has been conducted on the 
currently available commercial MD system configurations, sustainability and energy 
consumption rate of each configuration. Based on the literature survey results, the PGMD 
configuration in spiral-wound, produced by SolarSpring GmbH company has been supplied as 
the most efficient commercial MD configuration [2] because of the internal heat recovery 
feature. The whole system components procurement, frame design and assembling process has 
been commenced in early 2018 after achieving a good knowledge and reliable data on system 
characteristics by the laboratory-scale rig. The desalination rig assembled with supplying all 
system components and all analog sensors including pressure, flow and conductivity meters. 
The primary start-up tests have been accomplished by fresh water as feed to examine the whole 
system components and overall module performance. As the further investigation of this 
project, it is recommended to continue the indoor experimental tests by using electric water 
heater as the thermal energy source and under different operating temperatures, flow and 
salinity values. In the outdoor tests, the spiral-wound rig could be tested in conjunction with 
evacuated tube thermal solar collectors (EVTSC) or concentrated photovoltaic (CPV) panels 
as a sustainable energy source. The finding from long term performance of the developed pilot-
scale rig integrating into solar sources will be so practical in establishing sustainable 
desalination setup in larger-scale applications for remote area application. More details of the 
developed pilot-scale spiral wound PGMD rig features are presented in Appendix 2.  
 
1.6 Thesis Structure 
 
This thesis was prepared and submitted in the “thesis with publications” format. Several journal 
papers were published within this Ph.D. candidature. The leading journal papers are considered 
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in chapters 2, 3 and 4 of this Ph.D. thesis. The thesis chapters are organized as the following 
structure: 
Chapter 1: This chapter, as the introduction, provides an overview of this Ph.D. project 
background and scopes. The main identified research questions, objectives, research methods 
and achieved outcomes are presented in this chapter.  
Chapter 2: Literature survey on the PGMD system and MD system integrated into solar systems 
is presented in this chapter. Two case studies around experimental design and modeling of the 
PGMD system in laboratory and commercial scales are presented within this chapter. This 
thesis chapter is published as chapter 5 with the title of “Sustainable desalination by permeate 
gap membrane distillation technology” in “Emerging Technologies for Sustainable 
Desalination” Handbook in 2018 [7]. 
Chapter 3: In this chapter, the experimental and theoretical investigation of a lab-scale PGMD 
setup in 0.12 m2 membrane area, has presented. This chapter is included in the published paper 
with the title of “Experimental and theoretical study of a lab-scale permeate gap membrane 
distillation setup for desalination” in Desalination Journal in 2017 [9]. 
Chapter 4: In this chapter, the fundamental of “combined water production and power 
generation by membrane distillation system” has been investigated. The chapter contents are 
included the work published in the Journal of Membrane Science in 2019 [8], which explored 
a novel and promising potential of the MD system for simultaneous hydraulic power generation 
as part of the desalination process. This paper provides a comprehensive theoretical modeling 
and experimental investigation of this concept.  
Chapter 5: In this chapter, the achieved experimental results of further investigation of the 
proposed concept of “combined water production and power generation by membrane 
distillation system” have been presented. The accomplished work of this study, utilizing 
different commercial hydrophobic membrane samples has been submitted to Desalination 
Journal on July 2019. 
Chapter 6: In this chapter, the conclusions drawn out of this Ph.D. work have been presented. 
Also, some recommendations for further follow-ups of this project are suggested. 
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The bibliography of chapters 1, 5, 6 and Appendixes are provided at the end of each chapter. 
The reference list of published works included in chapters 2, 3 and 4, are readily advised in the 
published papers and book chapter. 
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Chapter 2: Literature Survey on Permeate Gap 
Membrane Distillation (PGMD) and Solar 
applications 
 
In this chapter, a literature survey is included based on the recent case studies involving MD integrated 
with different sources of solar energy and waste heat. Moreover, to provide a better understanding of 
the PGMD system performances in compares to other MD configurations, two recent experimental 
projects are presented in detail. One, a laboratory-scale flat PGMD rig, developed as part of this Ph.D. 
project. The other a commercial-scale spiral wound PGMD module. The conducted literature survey in 
this peer-reviewed book chapter provides an up-to-date background of MD systems status and 
potentials. 
 
 
The content of this chapter has been peer-reviewed and published as chapter 5 in Emerging 
Technologies for Sustainable Desalination Handbook. 
 
 
This work can be cited as: 
 F. Mahmoudi, A. Akbarzadeh, 5 - Sustainable desalination by permeate gap membrane distillation 
technology, Editor(s): Veera Gnaneswar Gude, Emerging Technologies for Sustainable Desalination 
Handbook, Butterworth-Heinemann, 2018, Pages 157-204, ISBN 9780128158180. 
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Chapter 3: Experimental and theoretical study 
of a lab scale permeate gap membrane 
distillation setup for desalination 
3.1 Journal Paper  
 
In this chapter, the permeate gap membrane distillation (PGMD) configuration, as a new sustainable 
MD design having internal heat recovery characteristics, is introduced. A lab-scale PGMD system with 
0.12 m2 membrane area has been developed to investigate the desalination process performance 
experimentally under different operating conditions. A numerical study of the heat and mass transfer 
phenomena in this configuration is accomplished and the theoretical model results validated with the 
experimental values. 
 
 
The content of this chapter has been peer-reviewed and published in Desalination Journal (5 
Year impact factor=6.255) 
 
 
This work can be cited as: 
 F. Mahmoudi, Gh. Moazami Goodarzi, S. Dehghani, A. Akbarzadeh. ‘Experimental and theoretical 
study of a lab scale permeate gap membrane distillation setup for desalination’, Desalination 419 
(2017), 197-210. 
 
 
 
 
 
  26 
 
 
 
 
 
 
https://doi.org/10.1016/j.desal.2017.06.013 
 
 
 
 
 
 
 
 
  27 
3.2 Supplementary Information 
 
Accomplishing the theoretical and experimental study of a lab-scale PGMD rig, as presented 
in Section 3.1, was so practical to be able to design the PGMD system in a larger scale and for 
the real applications. For this purpose, two larger-scale desalination rigs have been designed 
and developed, considering the latest available knowledge in this field and gained experience 
with the developed lab-scale set up. The second and third developed experimental rigs were 
respectively a plate-and-frame PGMD module in 2000 mm*260 mm dimension, 0.5 m2 
membrane area and a spiral-wound module in 7 m channel length and 0.7 m channel height. 
Appendixes 1 and 2 provide the conceptual layout design and the system components of the 
developed PGMD setups. During this Ph.D., some necessary initial tests have been conducted 
on the two developed PGMD desalination rigs to investigate the hydraulic conditions and heat 
transfer profile within the developed systems. The suggestions for the future follow up of the 
developed experimental rig has been mentioned in Section 6.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  28 
Chapter 4: Further investigation of 
simultaneous fresh water production and 
power generation concept by permeate gap 
membrane distillation system 
 
In this chapter, a promising approach of combined water and power production (CWP) by a single plate- 
and-frame PGMD system is explored. In this work, the concept development and feasibility of the CWP 
process are demonstrated by a thorough experimental and numerical investigation. This study proposed 
two accurate hydraulic power measurement techniques suitable for the low rate of power values in the 
lab-scale. The proposed techniques were included of permeate head raiser and sealed pressurized air 
tank setups to be integrated into the PGMD module. System performance has been analyzed by 
evaluating permeate flux, power density, specific energy production (SEP) and overall efficiency ( overal l
) parameters. Moreover, a comprehensive mathematical model is developed to provide a more 
comprehensive background of the CWP concept. 
 
 
The content of this chapter has been peer-reviewed and published in the Journal of Membrane 
Science (5 Year impact factor=6.656) 
 
 
This work can be cited as:  
F. Mahmoudi, A. Date, A. Akbarzadeh, ‘Further investigation of simultaneous fresh water production 
and power T generation concept by permeate gap membrane distillation system’, J. Membr. Sci. 572 
(2019), 230-245. 
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Chapter 5: Examining the commercially 
available hydrophobic membranes in combined 
desalination and power generation through 
permeate gap membrane distillation 
 
In this chapter, to further investigate the feasibility and efficiency of the CWP process by the PGMD 
system, different commercial hydrophobic membranes with a pore size in a range of 0.02 m to 0.2 m 
have been supplied and mounted in the new developed PGMD module with 0.04 m2 membrane area. 
The new rig has been designed with the potential to be operated at the higher hydraulic pressure values 
within the permeate gap channel. The experimental results in terms of permeate flux, power density, 
SEP and overal l under different hydraulic pressure utilizing different membrane samples are presented in 
this chapter. The membrane samples are mounted in two orientations; one by facing the active layer 
toward the hot channel and the other by facing to the permeate channel. The achieved results are in 
close agreement with the initial research findings and available literature data. 
 
 
The manuscript listed below has been submitted to Desalination Journal (5 Year impact 
factor=6.255) and is under final review: 
 
F. Mahmoudi, A. Date, A. Akbarzadeh, ‘Examining the commercially available 
hydrophobic membranes in combined desalination and power production through permeate 
gap membrane distillation’, Desalination (DES_2019_1172). 
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membranes in combined desalination and power 
generation through permeate gap membrane 
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Abstract: 
Developing robust and sustainable desalination processes with minimum energy consumption in integration with 
renewable energy sources is on high demand in the current climate. Utilizing membrane-based processes for either 
freshwater production or power generation has appeared as a promising approach in recent years. This research 
further examines the potential of utilizing a permeate gap membrane distillation (PGMD) system integrated with 
a sealed air tank to produce combined freshwater and power on the laboratory scale. In this study, different 
commercial hydrophobic membranes with 0.2 to 0.02 µm pore size ranges have been tested and the laminated 
membranes have been examined in two mounting orientations.  
The maximum harvested hydraulic pressure and power density by using a pristine 0.1 µm nominal pore size 
laminated polytetraﬂuoroethylene (PTFE) membrane facing the active layer to the feed channel (ALF orientation), 
were measured at approximately 1.8 bar and 0.47 W/m2, respectively under the defined test condition. Mounting 
the active layer to the permeate side (ALP orientation), the maximum hydraulic pressure and power density 
recorded at approximately 3.6 bar and 0.42 W/m2, respectively. The experimental data using the 0.02 µm pore 
size laminated hydrophobic PTFE membrane showed the same pattern. That is, despite producing higher hydraulic 
pressure with currently available commercial smaller pore size membrane in the ALP orientation, the generated 
power density has not increased significantly or may have even reduced. Hence, the development of high 
compressive resistance membranes with high permeability, low surface energy and narrow pore size distribution 
characteristics, is vital to be able to propose the CWP process using MD systems as a competitive and sustainable 
desalination technology. 
 
Nomenclature 
Symbol  
CPC concentration polarization coefficient 
pd  membrane pore size (µm) 
SEP  specific energy production (kWh/m3) 
tankV  the initial air volume in the tank (m
3) 

 
porosity of membrane (%) 
m  thickness of membrane (m) 
overal l  
overall system efficiency (%) 
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5.1 Introduction  
 
Potable water for all, recognized as one of the sustainable development goals (SDGs), is a 
vital part of the world we live in. It is anticipated that at least 25% of the human is probably to 
live in a country suffered from severe freshwater shortages by 2050. It is reported that, at 
present, 3 in 10 people are struggling with the safely managed freshwater supplies, and 6 in 10 
people deprives of securely distributed sanitation systems [1, 2]. 
Consequently, desalinated water has been utilized as one of the alternative freshwater sources 
in recent years and desalination technologies have been subjects of many recent research and 
development projects. A central concern for the current developed desalination technologies is 
related to the thermal/electrical energy sources for the process. Developing less energy 
intensive desalination technologies and transferring from non-renewable fossil fuel to 
sustainable renewable energy sources and harvesting of industrial waste heat are under 
increasing investigation to approach further towards sustainable processes. 
Desalination processes have been developed using different technologies, mainly 
categorized as thermal-based processes and membrane-based processes [3]. In contrast with 
the traditional thermal desalination processes, membrane distillation (MD) operates at lower 
operating temperature and with a more compact design. In the MD process, by mounting the 
hydrophobic membranes, vapour diffusion happens across the microporous membrane surface 
[3, 4]. Depending on the techniques of designing and assembling flow channels of the module, 
different MD configurations could be developed [5, 6]. 
The MD process electrical energy demand is evaluated to be around 1.0 kWh/m3. The 
reported values for the thermal energy demand of MD systems vary in a broad range depending 
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on the MD configurations and scale [7] which value more than 100 kWh/m3 is reported in most 
studies. The MD process thermal energy has a high potential to be supplied in integration with 
any sources of low-grade waste heat or solar energy [5, 8, 9].  
The application of membrane-based processes is flourishing these days not only as a 
separation technology for purposes including low-energy and compact desalination methods. 
Also, the membrane-based process applications are expanded to sustainable power generation 
techniques during the last few decades. The more studied membrane approaches to generate 
power are driving by osmotic pressure difference from water salinity gradient. The theoretical 
investigations have reported a massive amount of salinity-gradient energy could be harvested 
considering the chemical potential difference between seawater and freshwater [10, 11] via the 
processes including pressure-retarded osmosis and reverse electrodialysis [12-14].  
A novel membrane-based thermos-osmotic energy conversion (TOEC) system recently 
proposed  [15] to utilize low-grade waste heat for conversion into mechanical work. In this 
concept, like the MD system, creating a temperature gradient across a hydrophobic membrane 
led to net vapor flux. Then, by condensing the vapour flux in the cold channel and considering 
some restriction at the permeate outlet, the hydraulic pressure could be increased. Straub et. al. 
[15] mounted a 0.02 µm nominal pore size commercial hydrophobic PTFE membrane with a 
13 bar liquid entry pressure (LEP). Utilizing a minimal custom-built-up setup with 34 cm2 
membrane area, 3.53 W/m2 of maximum hydraulic power density generated. 
In a more recent study, to improve TOEC process efficiency, Shaulsky et. al. [16] developed 
modified mixed cellulose ester (MCE) membranes with higher hydrophobicity and LEP > 24 
bar. The achieved LEP values with the modified membranes were significantly higher than the 
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typical reported LEP of commercial membranes for MD and TOEC applications, respectively 
in a range of ( < 4 bar) and (10-13 bar) [4, 16]. The modified hydrophobic membrane sample 
with 50 nm pore size was examined within a custom- designed system with 6.45 cm2 effective 
membrane surface area to be tested under MD mode (facing the hydrophobic layer toward the 
feed side) and TOEC mode (facing the hydrophobic layer toward the permeate side). The 
experimental data showed lower membrane permeability and a vapor flux reduction by around 
50% in the TOEC mode at zero hydraulic pressure compared to the MD system at similar 
operating conditions.  
Furthermore, over recent years, the eventuality of combined freshwater and power (CWP) 
production utilizing MD system has been investigated in a few studies [17-20]. The potential 
of MD system for CWP process was primarily introduced as MemPower concept by Kuipers 
et. al. [17] and later developed by Mahmoudi et. al. [20] via permeate gap membrane 
distillation (PGMD) system. In the conventional desalination technique by MD, condensate 
discharges into a bucket open to the ambient. While, in the introduced CWP technique, the 
permeate stream could gradually pressurize to produce hydraulic power. Kuipers et. al. [17] 
examined some commercial membrane sheets with the maximum achievable hydraulic 
pressure in a range of 5 to 22 bar. The experiments have been conducted firstly in a small-scale 
MD setup in 28 cm2 membrane area for the first proof of concept and maximum hydraulic 
pressure of 5 bar. Then a modified setup with 60 cm2 effective membrane area has been 
developed to be able to harvest two times higher hydraulic pressure. 
In the other study, Mahmoudi et. al. [20] introduced two novel and simple techniques for 
accurately measuring small amounts of hydraulic power and freshwater production in a 
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laboratory scale PGMD unit in 0.12 m2 membrane area. In the first one, the permeate gap was 
acting like a hydraulic pump by pushing the produced freshwater into different heights. In the 
second method, the produced freshwater transferred into a sealed air tank. In this case, the 
system was acting as an air compressor. In this technique, in order to harvest the permeate 
hydraulic power, efficient energy recovery devices (ERDs) such as pressure exchanger (PX) 
could be integrated into the rig. The reported results revealed that the freshwater flux decreased 
gradually from the initial value under typical desalination condition to zero at the highest 
achievable hydraulic pressure. The experimental results achieved by this first study showed 
that the proposed system could supply approximately 3% of the electrical energy demand of 
the developed desalination system.  
Yuan et. al. [21] also investigated pressure-retarded membrane distillation (PRMD) process by 
developing a small lab-scale DCMD setup with 16 cm2 effective membrane area utilizing a 
commercial 0.03 µm pore size hydrophobic PTFE membrane sample. To simulate the PRMD 
process, the hydraulic pressure increased virtually in the permeate side in a range of (0-10) bar 
using a gear pump. The deionized water and NaCl with 0.05 M concentration utilized 
respectively as hot saline feed and coolant solutions. Conducting the PRMD process by facing 
the hydrophobic layer to the permeate side, led to a maximum hydraulic pressure of up to 10 
bar. The reported experimental data [17, 20, 21] revealed the membrane structure and the 
freshwater flux adversely affected by hydraulic pressure rise. Reduction in membrane 
permeability considered as influential factors in the permeate flux drop, caused by deformation 
of porous membrane matrix under high hydraulic pressure. 
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Analyzing the developed MD-based power generation techniques to harvest the permeate 
hydraulic pressure, emphasizes the advanced design features of the proposed PGMD system 
integrated into a sealed air pressurized tank [20]. The proposed CWP system was operated 
under a more realistic condition of a conventional MD system, utilizing the saline feed and by 
discharging the produced freshwater toward sealed air storage. Also, in the PGMD 
configuration, the permeate channel separated from the cold one. Therefore, the exact small 
amount of hydraulic pressure and power density produced by the freshwater stream could be 
measured and quantified accurately via the developed technique.  
Considering the results of current accomplished studies, the aim of the current study is the 
further investigation on the feasibility and efficiency of the CWP concept utilizing the PGMD 
system by examining different commercial hydrophobic membrane samples with smaller pore 
size and higher LEP. Mainly, the behavior of hydrophobic membrane samples evaluated in two 
mounting orientations under the CWP process operation; one by contacting the active layer 
toward the feed (ALF direction) and the other by contacting the active layer toward the 
permeate (ALP direction). In addition, the experiments were conducted utilizing pristine (new) 
and compacted (used) membrane sheets under the similar operating conditions. In Fig. 1, the 
schematic of the temperature and concentration boundary layers in a typical MD system 
considering two membrane mounting orientations are depicted. 
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Fig. 5.1. Schematic diagram of temperature and concentration profiles in the MD system by applying laminated 
hydrophobic membrane with hydrophilic support in ALF and ALP orientations. 
 
For this purpose, a robust PGMD module has been designed to be able to operate a CWP 
process within an extended range of built-up pressure. The most advanced hydrophobic 
commercial membranes from different suppliers have been examined under the same operating 
conditions. Overall, findings of this study could be a substantial contribution to further 
development of MD systems for combined fresh water and power production to approach closer 
to the sustainability concept in the desalination process. 
 
5.2 Experimental CWP process principle and system components 
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The working principle of proposed CWP system using a unique PGMD module integrated to 
sealed air storage has been explained comprehensively in Section 2.1 of the first published part 
of this study [20]. The schematic of the proposed PGMD system integrated to the pressurized 
sealed air storage to measure the freshwater hydraulic pressure at any time in the laboratory 
scale is shown in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.2. PGMD module conjunction with the sealed air storage to harvest freshwater hydraulic pressure 
 
In the current study, a robust PGMD rig with 0.0414 m2 net membrane surface area has been 
designed to be examined under elevated pressure. The module is constructed using two 
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aluminium 6070 plates with 18 mm thickness and with 250 mm*300 mm dimensions for the 
feed and coolant flows (Fig. 3a). Two grooves of 3 mm depth provide feed and coolant headers 
in each channel. A 1.5 mm step has been included in each aluminium plate in order to match 
the double spacer layers properly. The spacer package includes a non-woven diamond shape 
plastic polypropylene (PP) mesh of thickness 1.3 mm plus fine stainless steel (SS316) plain 
weave woven mesh with 0.154 mm aperture, 0.10 mm wire diameter and approximately 37% 
open area (SSWO 00154 1246, SSWM). The fine SS mesh layer above the plastic spacer 
provides stronger back support for the membrane matrix at the feed side to resist the imposed 
hydraulic pressure from the permeate channel. To create a condensing film for the diffused 
water vapour and to separate the produced permeate water from the coolant stream, a copper 
plate of 4 mm thickness was manufactured. The thin copper sheet has been used in the new 
developed PGMD rig as condensing surface, as opposed to impermeable plastic film utilized 
in the primary module. This modification could enhance the system mechanical strength at the 
high built-up hydraulic pressure and improve the heat transfer rate between the coolant and the 
permeate gap. A step with 2 mm depth has also been included in the permeate copper plate, 
which is accurately filled with one layer of non-woven PP mesh with the same thickness and 
more than 80% open area, as is shown in Fig. 3b, right plate. Two holes of 2 mm diameter have 
been drilled in the top of copper sheet to extract the produced permeate and transfer it to the 
permeate container. Two frames of Blackmar rectangle gaskets with 0.80 mm thickness 
(F006119, Associate Gasket) have been mounted in contact with both membrane surfaces on 
the feed and permeate plates (Fig. 3b). A thin and smooth layer of RTV blue silicone gasket (SI 
305- Loctite) has also been applied on the back of each Balckmar gasket frame to fill all the 
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gaps and provide thorough sealing, especially at high system hydraulic pressure. To assemble 
module plates, gasket and membrane as an integrated system 22 M8 grade 12.9 bolts and nuts 
have been used to provide adequate compaction and to tighten all module components. The 
layout of the designed metal PGMD module, during the assembly stage, is depicted in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
a b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c 
Fig. 5.3. a, Designed PGMD module including two aluminium and one copper plates; b; PGMD module plates 
by mounting the membrane and Balckmar gasket sheets before assembly; c, Assembled PGMD module 
integrated to sealed air storage. 
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Fig. 4 also shows the developed experimental rig integrated with the sealed air storage, in which 
all system components have been labelled. Insulation layers have been used on metal surfaces 
of the PGMD rig to lessen the heat losses to the surroundings, especially from the hot 
aluminium channel. In the developed system, the saline water was transferred by a DC Laing 
D5 solar water pump (1-22 W). Its temperature was then increased by passing through a copper 
coil submerged in a small 2.4 kW water tank heater (Label F in Fig. 4) and then pumped 
through the feed channel. The diffused vapor condenses in the permeate channel in contact 
with the cold copper sheet. The tap water circulates in the cold channel as the coolant and its 
temperature is maintained low by using an electric chiller. 
 
 
 
 
 
 
 
 
 
Fig. 5.4. Experimental PGMD rig in 0.04 m2 membrane area for the CWP purpose 
 
The sealed air storage temperature and pressure are recorded to estimate the permeate mass 
flow rate, the generated power, SEP and Overall using the introduced correlations in Section 3.1.2 
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of the initial proof study [20]. To operate the systems robustly at the higher permeate pressure 
and to avoid water/air leakage through the system components, some improvements have been 
considered in the rig configuration. Those are mainly included utilizing the high-pressure 
tubing instead of clear polyvinyl or low-density polyethylene (LDPE) tubing as well as using 
compression fittings on valves and connections between the sealed air storage and the PGMD 
module.  
In this study, new commercial hydrophobic membrane samples with a broader pore size 
range have been supplied from different manufacture. Table 1 provides a summary of the 
mounted commercial hydrophobic membrane sample specifications. In this part of the study, 
no attempt has been made to validate the membrane sample specifications reported by the 
manufacturer and to characterize the utilized membrane sample before and after compaction 
process in the microscopic scale. However, analyzing the different pristine and compacted 
membrane samples within the proposed CWP process is recommended to be investigated more 
in-depth as the further follow-ups of this research. The samples used in this research included 
0.22 μm nominal pore size un-laminated hydrophobic PVDF membrane, 0.1 μm nominal pore 
size laminated hydrophobic PTFE with non-woven PP backing and the 0.02 μm nominal pore 
size laminated hydrophobic PTFE with non-woven polyester (PET) backing. In this study, the 
data gained from the new rig utilizing different membrane samples are compared to those of 
the first PGMD module to approve the reliability of the primary data. 
Table 5.1 Specifications of the mounted flat sheet commercial hydrophobic membranes  
Membrane 
Name 
Active layer Support layer 
pore size* 
dp(µm) 
thickness* 
m (µm) 
LEPw* 
(bar) 
* (%) 
PTFE02-PP** PTFE PP 0.22 140-200 NA 70 
PVDF02 PVDF No backing 0.22 125 2 75 
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PTFE01-PP PTFE non-woven PP 0.1 152-254 4.14 75 
PTFE002-PET PTFE non-woven PET 0.02 139.7-279.4 15.64 >80 
*Values as reported by manufacturers. 
**The sample is examined in the first study. 
 
5.3 Experimental results 
 
Experimental measurements have been taken after establishing steady state condition 
throughout the system, requiring approximately one hour of continuous operation, as explained 
in more details in Section 4 of the first study [20]. Stable PGMD channels configuration and 
consistent total hydraulic pressure in the feed channel were required, in order to run the CWP 
process as hydraulic pressure rise. All experiments with each membrane sample were repeated 
for minimum three times to be able to check the experimental results reliability and 
repeatability, including freshwater flux, generated hydraulic pressure and power density.  
The first demonstration of the CWP concept was examined with mounting two membrane 
samples, including PTFE02-PP and PVDF02, as mentioned in Table 1. The initial tests were 
conducted under 0.75 kg/min and 1.5 kg/min of hot and cold inlet fluid flow rates, respectively 
and 80 °C of inlet bulk feed temperature and 15 °C of inlet bulk coolant temperature. The main 
results achieved utilizing these two membrane samples under the CWP process are shown in 
Fig. 5. In the results shown, the laminated PTFE membrane active layer faced the hot feed side 
(ALF direction). As may be realized from this figure, the un-laminated PVDF membrane 
sample had better performance regarding freshwater flux and the highest recorded hydraulic 
pressure.  
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Fig. 5.5. Freshwater mass flux and generated power density trends utilizing PVDF02 and PTFE02-PP 
membrane sheets by 1st PGMD rig. 
 
As seen in Fig. 5, the maximum recorded hydraulic pressure with the PVDF sample was 
approximately 1.85 bar. However, the recorded value for the PTFE sample was approximately 
1 bar. Utilizing the PVDF sample, 12.5 kg/m2 h of freshwater flux and 0.4 W/m2 of maximum 
hydraulic power density were recorded at a hydraulic pressure of 1.1 bar. The corresponded 
point of maximum power density is introduced as the optimum hydraulic pressure. These 
values were more promising compared to PTFE membrane sample performance with the 
optimum hydraulic pressure of 0.55 bar corresponded to 4 kg/m2 h and 0.06 W/m2, respectively 
for freshwater flux and power density. 
The initial air volume in the tank ( tankV ) for whole experiments adjusted at around 300 mL. As 
Eq. 19, introduced in the first study [20], freshwater flow rate is related to the initial air volume 
in the tank. This parameter dictates the hydraulic pressure value at each time and the length of 
time to reach the maximum system hydraulic pressure. By decreasing the initial liquid volume 
in the freshwater storage (increasing initial air volume), more times will be required to reach 
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the same hydraulic pressure value in compared to the case when the initial air volume is lower. 
The saline feed and coolant inlet flow in all runs were adjusted to 1.5 kg/min and 3 kg/min, 
correspondingly. The saline feed and coolant inlet bulk temperatures were set at a similar range 
of primary study, for the duration of the experiments. The average outlet temperature values 
were estimated to be approximately 68 °C at the evaporator channel and 20 °C at the coolant 
one. The feed water tank salinity was adjusted at a similar salinity level to seawater (3 wt%). 
The synthetic saline feed composition has been stated in the first part of this study [20]. Besides, 
the countercurrent mode is chosen for the fluid flow. 
5.3.1 CWP process with un-laminated hydrophobic PVDF membrane (PVDF02) 
 
To re-produce and confirm the primary findings, firstly the 0.22 µm absolute pore size un-
laminated hydrophobic PVDF membrane, which examined in the primary study, has been 
mounted in the new CWP rig. Fig. 6, depicts the resulted data utilizing this membrane sample 
mounted in 1st and 2nd CWP rigs, respectively with 0.12 m2 and 0.04 m2 membrane area. The 
experiments were conducted in the two rigs at the same temperatures range at the inlets of the 
evaporator and coolant channels. However, the feed and coolant flow rates doubled in the 
current study compared to the first study considering the smaller module area in the metal rig. 
Applying the 1st CWP rig, under steady conditions, approximately an average of 29 kg/m2 h of 
freshwater flux was recorded at zero-gauge pressure. As depicted in Fig. 6, the maximum 
recorded permeate gauge hydraulic pressure was 1.85 bar [20]. At maximum power density of 
0.4 W/m2, the permeate hydraulic pressure was recorded 1.1 bar, equivalent to the freshwater 
flux of 12.5 kg/m2 h. The approximately 22 kg/m2 h of freshwater flux was calculated at zero 
hydraulic pressure with the 2nd rig. At 1.64 bar of built-up pressure, the backward flux was 
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detected within the 2nd rig. At maximum power density of 0.52 W/m2, the hydraulic pressure 
was measured at 1.28 bar, which corresponded to a permeate flux of 16 kg/m2 h.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.6. Comparison of the PVDF02 membrane sample performance within two CWP rigs; 1st rig with 0.12 m2 
membrane area and 2nd rig with 0.04 m2 membrane area. 
 
The difference in operating flow rates and module area in the two systems affected the 
freshwater flux and the hydraulic pressure rise. In addition, the difference in module geometry 
and dimensions will also be influential on the system hydraulic conditions and the pressure 
drops within the flow channels in each rig. Considering the higher total pressure value in the 
feed side of the primary configuration compared to the current study, it may be concluded that 
the net maximum hydraulic pressures in the two rigs are in good agreement [4]. 
In both cases, the average total dissolved solids (TDS) value of the produced permeate is 
measured at 35 mg/L at the start of experiments at zero hydraulic pressure. The higher value 
of TDS has been detected at approximately 1700 mg/L after disconnecting the permeate line 
from the pressurized storage. That shows the pore wetting happens within the membrane 
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matrix, which led to saline feed diffusion to the permeate channel. As Fig. 7, 0.035 kWh/m3 
and 0.002% values were recorded for SEP and Overall , respectively with the second rig, at the 
1.28 bar of built-up pressure which are in close agreement with the calculated value for the 
SEP and the Overall  of the primary rig [20]. 
 
 
 
 
 
 
 
 
 
 
Fig. 5.7. SEP and Overall vs gauge hydraulic pressure of CWP system by applying pristine un-laminated PVDF 
membrane. 
 
5.3.2 CWP process with laminated hydrophobic PTFE membrane (PTFE01-PP) 
5.3.2.1 Pristine PTFE membrane (PTFE01-PP-P) 
 
In this section, the CWP process performance has been investigated utilizing laminated 
hydrophobic PTFE sheet (PP support) with 0.1 µm nominal pore size. As the applied 
membrane sample has a smaller pore size compared to the primary mounted membrane samples 
with 0.2 µm pore size, it is expected to record higher hydraulic pressure. 
Fig. 8 shows the performance of pristine PTFE membrane within the CWP process in two 
mounting directions. The freshwater flux and TDS value under zero hydraulic pressure with 
this membrane in ALF orientation were recorded, respectively at approximately 18 kg/m2 h and 
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35 mg/L. However, this value dropped to 12 kg/m2 h in ALP orientation with the same average 
TDS value. As it could be realized, the freshwater flux at zero hydraulic pressure in ALP 
orientation dropped by approximately 30% compared to the ALF direction under the same 
operating condition. This reduction in permeate flow rate at zero hydraulic pressure considering 
membrane orientations eliminated any adverse effects resulted by membrane deformation and 
compaction under hydraulic pressure. 
Shaulsky et. al. [16] justified the difference in freshwater flux in MD (ALF) and TOEC (ALP) 
modes by considering the effect of partial vapour condensation at the support/active layer 
interface in TOEC mode and accumulation of stagnant vapor layer within the support layer 
adjunct to the support/active layers, as two possible factors. Besides, the difference in material 
and morphology of the support layer compared to the active one led to lower permeability and 
transmembrane temperature gradient in the TOEC mode [16].  
In addition, the concentration polarization (CP) phenomena may also be intensified at the 
hot saline feed side in the ALP orientation. Internal and external CP effects known respectively 
as ICP and ECP could be influential considering the membrane orientations [22-24]. Surveying 
the literature, it is apparent that there are good sources of information concerning CP 
phenomena in pressure retarded osmosis and forward osmosis processes. That clarifies the role 
of membrane orientation on concentration gradient and fouling phenomena across the boundary 
layer and membrane matrix structures [25-27]. However, more study is needed on the 
significance of CP within the CWP process, especially in the ALP direction. It is predicted that 
the ICP effect might be more significant in the ALP direction as the support side has higher 
surface energy. However, ECP might be dominant in the ALF direction, as the higher 
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freshwater flow rate in the active layer might increase the concentration gradient boundary 
layer. The extreme CP phenomena could lead to membrane pore scaling and wetting, which 
impair the permeate flow rate and membrane lifetime. In this study, the proper mesh spacer to 
promote the turbulence condition within the feed channel is utilized as a practical way to reduce 
temperature polarization (TP) and CP effects in both mounting directions. 
 
 
 
 
 
 
 
 
 
 
 
 
a 
  
  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
b 
Fig. 5.8. Comparison of experimental data of CWP process performance by mounting the pristine PTFE01-PP 
membrane in two directions; a, Generated hydraulic pressure and freshwater flux as a function of time. b, 
Freshwater flux and generated power density as a function of gauge hydraulic pressure. 
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As shown in Fig. 8a, the freshwater flux when linking the permeate line into the sealed air 
storage was calculated at approximately 14 kg/m2 h in ALF and 8 kg/m2 h in ALP direction. 
Then the freshwater flux had a decreasing trend as hydraulic pressure increased and dropped 
to zero as hydraulic pressure reached its maximum value. As discussed earlier, the freshwater 
flux reduction by boosting in the permeate hydraulic pressure could be rationalized through 
different mechanisms.  
As correlated by Kelvin equation [28], the permeate equilibrium vapor pressure rise by 
increasing the hydraulic pressure could be considered as one factor to justify the freshwater 
flux reduction associated under the CWP process. In addition, deformation of the membrane 
porous structural will also decrease the membrane permeability and will lead to lower permeate 
flux. More comprehensive information on influential parameters on freshwater flux reduction 
by enhancing the permeate hydraulic pressure are presented in the first accomplished study 
[20].  
As shown in Fig. 8a, the maximum gauge hydraulic pressure achieved with this membrane 
sample in ALF orientation was recorded at 1.84 bar. After reaching the maximum value, the 
permeate hydraulic pressure had a downward trend and dropped to zero within a few minutes. 
The sudden reduction of permeate hydraulic pressure from 1.84 bar to 0.07 bar shows pore 
wetting occurrence at the support layer at this pressure, which led to a rapid pressure drop. The 
permeate TDS, after disconnection from the storage, was measured at approximately 40 mg/L, 
which shows that the PTFE active layer pores could still prevent salt solution diffusion into the 
membrane matrix. Utilizing this membrane sample in ALP orientation, the maximum recorded 
hydraulic pressure was measured at 3.54 bar. Then the permeate pressure dropped to 
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approximately 3.17 bar and remained steady with slight fluctuation around this point. The 
maximum recorded hydraulic pressure with this membrane sample in the ALP direction was 
near twice the recorded value in the ALF orientation (1.84 bar). Fig. 8b also depicts the 
maximum power density of 0.47 W/m2 was recorded in ALF orientation corresponding to 1.6 
bar hydraulic pressure and 11.9 kg/m2 h of freshwater flux. The maximum value of 0.42 W/m2 
was recorded for power density in ALP orientation at the 2.82 bar of optimum hydraulic 
pressure corresponding to 6 kg/m2 h of freshwater flux. 
Comparing the results achieved with laminated PTFE membrane sample as Fig. 8 shows the 
increase in the maximum produced hydraulic pressure from 1.84 bar in the typical MD 
configuration to 3.54 bar for the CWP purpose. In addition, the freshwater flux when mounting 
the membrane in ALF direction was almost twice that for the ALP one. Comparing the two 
scenarios, the optimum freshwater flux dropped from approximately 12 kg/m2 h at 1.6 bar of 
built-up pressure to respectively, 6 kg/m2 h at 2.8 bar of pressure. However, the maximum 
recorded power densities for the PTFE membrane sample in the two mounting directions are 
close to an average of approximately 0.45 W/m2 (Fig. 8b). Hence, despite higher permeate 
hydraulic pressure in the second situation (ALP direction), the lower freshwater flux led to 
almost the same range of maximum power density for both directions. As shown in Fig. 8a, the 
hydraulic pressure upsurge trend also is affecting by the membrane mounting orientation after 
reaching the maximum hydraulic pressure. This difference in membrane behavior has also been 
observed when repeating the test on a compacted membrane in each mounting direction, as 
presented in Section 3.2.2. 
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Fig. 9, shows the comparison of system Overall  and SEP values in the two mounting directions 
of the 0.1 µm pore size PTFE membrane. The data shows close to a 100% increase in SEP 
value in ALP direction (0.080 kWh/m3) in contrast with 0.044 kWh/m3 of ALF orientation. 
However, the overall system efficiency was in the same range at approximately 0.0013% for 
both mounting directions. 
 
 
 
 
 
 
 
 
Fig. 5.9. Comparison of experimental results on SEP and 
Overall vs gauge pressure by mounting the pristine 
PTFE01-PP in two directions. 
 
5.3.2.2 Compacted PTFE membrane (PTFE01-PP-C) 
 
The CWP test was also conducted with the compacted membrane sample in both mounting 
orientations, to compare the membrane sample behavior utilizing new and used membrane 
sheets. The used membrane sample had been compacted under hydraulic pressure of 
approximately 1.85 bar at the permeate channel in ALF orientation. Then after washing the 
membrane surface with tap water for approximately 30 min, the test was repeated in the same 
conditions of the pristine membrane sample in ALF direction. The freshwater flux was recorded 
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at approximately 17 kg/m2 h with the compacted membrane when discharging the freshwater 
into an open container and 35 mg/L of TDS value. However, the hydraulic pressure could not 
build up again with the compacted membrane sample after exceeding the LEP value of the 
pristine membrane sample in the initial test, as displayed in Fig. 10. 
 
 
 
 
 
 
 
 
 
Fig. 5.10. Experimental results on generated hydraulic pressure trend by applying pristine and compacted 
PTFE01-PP in ALF direction. 
 
Fig. 11 also shows the performance of pristine and compacted 0.1 µm pore size PTFE 
membrane sheets in the ALP direction. The pristine membrane sheet compacted up to 3.54 bar 
then, after pre-washing with tap water was re-examined under the CWP process at the defined 
test conditions. The freshwater flux measured at approximately 9.5 kg/m2 h with the compacted 
membrane discharging the permeate to the open container and an average of 40 mg/L for TDS. 
The measured flux represents approximately 20% reduction compared to 12 kg/m2 h of the 
initial freshwater flux value with the pristine sample. As shown in Fig. 11a, the hydraulic 
pressure could build up again with this membrane sample in the ALP direction. However, the 
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compacted membrane maximum built-up pressure deceased in compared to the maximum 
achieved value with the pristine sample; respectively 2.97 bar compared to 3.54 bar. The 
permeate TDS value, after disconnecting from the sealed air storage was measured at 
approximately 50 mg/L. The same decreasing pattern could also be observed in the freshwater 
flux of the compacted membrane in contrast with the pristine sample.  
As in Fig. 11a, the freshwater flux dropped from approximately 8 kg/m2 h with the pristine 
membrane sample to 6 kg/m2 h with the compacted one when discharging the freshwater to the 
sealed air storage. The maximum power density of the compacted membrane decreased to 0.31 
W/m2 under 2.3 bar of built-up pressures in contrast with respectively 0.42 W/m2 of hydraulic 
power density at 2.8 bar of produced pressure with the pristine sample (Fig. 11b).  
 
 
 
 
 
 
 
 
 
 
 
 
a 
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b 
Fig. 5.11. Comparison of experimental results by examining the pristine and compacted PTFE01-PP membrane 
in ALP direction; a, Built-up hydraulic pressure and freshwater flux as a function of time. b, Freshwater flux and 
power density as a function of permeate gauge pressure. 
 
The performance of laminated membrane matrix structure in different mounting orientations, 
especially under elevated osmotic pressure has been addressed more in dept in the recent 
studies [21, 26, 29, 30]. As reported in previous studies and observed in this research, imposing 
the active layer up to a certain amount of pressure is elastic deformation. Therefore, it could be 
realized that by releasing the applied pressure over the membrane active side, the permeate flux 
and amount of power density was almost stable and in close consistency with the pristine 
membrane performance under no hydraulic pressure. The results indicate the stability and 
reversible deformation of the membrane active layer under this condition [21, 31]. As seen in 
Fig. 11a, it appears that the compacted membrane growing pressure trend accelerated in 
contrast with the new sample. That is at each time point the compacted membrane pressure is 
higher than the pristine one. The difference in pressure rise rate resulted from the higher initial 
water volume in the sealed storage with the compacted membrane test, and as explained in 
Section 3 will affect the pressure rise speed.  
  56 
Similarly, as displayed in Fig. 12, the optimum values for SEP decreased to 0.060 kWh/m3 
with the compacted membrane sheet in comparison with 0.080 kWh/m3 of the pristine sample. 
The similar decreasing trend also observed for the maximum Overall  from 0.0013% to 0.0010% 
comparing the membrane mounting orientation.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.12. Experimental results on SEP and 
Overall vs gauge pressure by examining the pristine and compacted 
PTFE01-PP membranes in ALP direction. 
 
 
5.3.3 CWP system with laminated hydrophobic PTFE membrane (PTFE002-PET) 
 
The laminated hydrophobic PTFE with PET support of 0.02 μm nominal pore size, was the 
smallest pore size hydrophobic commercial membrane sample examined in this study. The 
CWP process was carried out under steady-state and similar operating conditions to the initial 
tests in two membrane mounting directions. The achieved experimental results of mounting 
(PTFE002-PET) in two orientation are depicted in Fig. 13. 
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At the first stage of this test, a pristine hydrophobic PTFE sample has been examined in ALF 
direction. The 18.8 kg/m2 h of initial freshwater flux was recorded under normal desalination 
conditions with this sample. The average TDS value was measured at 15 mg/L. The 16 kg/m2 
h of the freshwater flux was calculated discharging the permeate into the sealed storage. As 
depicted in Fig. 13a, after approximately 20 min of process operation, the maximum hydraulic 
pressure of 1.55 bar was measured. Similar to the conducted test with the compacted PTFE01-
PP-C membrane, the used 0.02 μm pore size PTFE membrane sheet, compacted up to 
approximately 1.55 bar of hydraulic pressure, was re-examined in the CWP rig. The TDS value 
of permeate flow before connecting to the sealed air storage utilizing the compacted membrane 
was measured at around 35 mg/L, which is suitable as the potable water. However, similar to 
the results depicted in Fig. 10, the hydraulic pressure could not re-build with the compacted 
membrane sample in the ALF direction. This behavior could confirm the existence of open 
pores (pore wetting) in the support side by exceeding the membrane LEP value in the first test.  
An approximately 13 kg/m2 h of initial flux, collecting freshwater into an open container, was 
measured with PTFE002-PET membrane sample in ALP direction with 25 mg/L of TDS value. 
The experimental results show a maximum produced hydraulic pressure of 8 bar under the 
constant test conditions. At the maximum hydraulic pressure point, the freshwater flux dropped 
to zero from the 8 kg/m2 h value at zero hydraulic pressure. The TDS value at the end of the 
experiment by compacted membrane when discharging the permeate into an open container 
(under no hydraulic pressure), measured at around 46 mg/L. That shows the membrane pores 
could prevent saline solution diffusion to the permeate side and confirms the reversibility and 
elasticity of membrane active layer deformation under this process.  
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As depicted in Fig. 13b, applying this membrane sample in ALF direction (PTFE002-PET-
ALF-P), a maximum value of 0.53 W/m2 was recorded for power density at a hydraulic pressure 
close to 1.42 bar, corresponding freshwater flux of approximately 14 kg/m2 h. The maximum 
hydraulic power density recorded utilizing this membrane sample in ALP orientation 
(PTFE002-PET-ALP-P) under this condition was 0.16 W/m2 at 4.5 bar of built-up pressure 
corresponding to approximately 1.5 kg/m2 h of freshwater flux. 
Comparing the system operating parameters in each mounting direction (as shown in Fig. 
13), reveals a substantial reduction in freshwater flux in the ALP direction. As permeate flux 
reduced by 50% from 16 kg/m2 h in ALF direction to 8 kg/m2 h in ALP direction, at zero-gauge 
permeate hydraulic pressure. The maximum recorded hydraulic pressure in the ALP direction 
recorded more than five times higher compared with the ALF direction, respectively 8 bar and 
1.55 bar (Fig. 13a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a 
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b 
Fig. 5.13. Comparison of experimental results by applying pristine PTFE002-PET membrane in two mounting 
directions: a, Generated hydraulic pressure and freshwater flux as a function of time. b, Freshwater flux and 
power density as a function of hydraulic pressure.  
 
As shown in Fig. 13b, despite the higher generated hydraulic pressure in this scenario (ALP 
direction), the maximum harvested power density reduced by 70% from 0.53 W/m2 to 0.16 
W/m2 at the optimum hydraulic pressure. Therefore, confirming the results reported in Section 
3.2, mounting the membrane surface in the opposite direction to that used in typical MD 
systems may lead to a higher hydraulic pressure value. However, it will not guarantee higher 
power density. Hence, substantial freshwater flux declines happened as a result of more severe 
membrane compaction under higher generated hydraulic pressure rate and less hydrophobic 
characterization of the support side. 
A close agreement has been identified, comparing the resulted data in this study on freshwater 
flux and power density trends utilizing PTFE002-PET in two mounting directions with the 
reported value by Yuan et. al. [21] applying a hydrophobic PTFE sample in 0.03 µm pore size 
within PRMD process. The experimental results by Yuan et. al. [21] also show a lower initial 
permeate flux and five times higher hydraulic pressure in ALP orientation in contrast to ALF 
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one, utilizing this membrane sample. Similarly, a significant reduction in membrane 
permeability, higher TP effect and sever membrane deformation has been reported by elevating 
the permeate hydraulic pressure in ALP orientation. 
The optimum values for SEP in the ALP direction was calculated as 0.12 kWh/m3 at 4.5 bar of 
optimum hydraulic pressure which was around three times higher than 0.038 kWh/m3 value 
recorded in the ALF direction. However, Overall  shows a similar trend as power density with a 
maximum value of 0.0006% in ALP orientation. The value of Overall reduced by more than 60% 
in ALP direction compared to the recorded value of 0.0016% in the ALF one. 
 
5.4 Discussion and Conclusions  
 
5.4.1 Discussion 
 
The performance of commercially available hydrophobic membranes to produce combined 
freshwater and power (CWP) has been examined in this study. The tests were carried out in 
two plate-and frames PGMD modules. Both modules had a rectangular shape where the 
permeate gap is separated from the feed and the coolant channels by using a condensing 
surface, as shown in Fig. 2. The size of the primarily developed module [20], was 800 mm*200 
mm. That represented 0.12 m2 of net membrane area by considering the open area of the utilized 
mesh. The width of the permeate channel was 6 mm. The feed and coolant channels both had 
gap widths of 1.5 mm, resulting in a cross-sectional area of 2.4 cm2 for the feed and coolant 
flows. For this case, the feed inlet flow rate was set at 0.75 kg/min and coolant inlet flow rate 
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was adjusted at 1.5 kg/min. The bulk inlet temperature of feed was set at approximately 80 °C 
and for coolant at 15 °C. 
In the secondary developed PGMD module, the size of the unit was 250 mm*300 mm resulting 
in 0.04 m2 of net membrane surface area with 2 mm width of the permeate channel. The feed 
and coolant channels both had a gap width of 1.5 mm, resulting in a cross-sectional area of 2.7 
cm2 for the flow. In this case, the feed inlet flow rate was adjusted at 1.5 kg/min and the coolant 
inlet flow rate was set at 3.0 kg/min. Feed and coolant bulk temperatures at the entrance of each 
channel were also adjusted at a similar value of the first study. 
Considering the accomplished studies, it could be noted that, the studied experimental systems 
to examine the concept of power generation by the MD process were at a tiny scale. As it is 
mentioned earlier, Kuipers et. al. [17] studied the MemPower process by developing MD units 
with 28 cm2 and 60 cm2 effective membrane areas. In the more recent study by Yuan et. al. 
[21], a PRMD system has been developed with only 16 cm2 effective membrane area. In this 
study, the CWP process has been examined in the customized PGMD module with 400 cm2 
and 1200 cm2 effective membrane areas. Hence, it might be realized that the achieved data in 
this study with the larger module surface area might be a closer representation of the system 
performance in the real scale applications. Besides, considering the small amount of produced 
power with the developed laboratory-scale systems, direct measurement of the generated 
hydraulic power will be challenging. However, the introduced in-direct power measurement 
technique of using the permeate channel as an air compressor and compressing the air in sealed 
air storage enabled to measure parameters such as tank air pressure and temperature at any time 
accurately. Therefore, calculating the permeate mass flow rate and the produced power using 
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introduced correlations, proved to be a simple and very accurate way of determining the 
instantaneous values of freshwater production as well as immediate power generation rates 
considering the laboratory scale of the system. As is described, choosing the tankV  value is of 
prime importance in the proposed method, as well. Small values for tankV  result in a very rapid 
rise of pressure in the tank and short duration for the experiment. Large values will result in a 
slow rise of pressure and more time to reach the end of the experiment. In the first case, the 
rapid rise of pressure may introduce some errors in measuring the instantaneous pressure and 
in the latter case, the long period for each experiment may prove to be inconvenient. In these 
experiments, for the rate of freshwater production, a constant volume of 300 mL was chosen 
for tankV .  
Table 2 provides a summary of the experimental data by applying different commercial 
hydrophobic membrane samples under steady operating conditions. The main performance 
parameters for each membrane sample are summarized in this table. These included maximum 
produced gauge hydraulic pressure (Phmax), maximum power density (Wmax), optimum 
hydraulic pressure (Phop) at the point which the maximum power density occurred, freshwater 
flux in typical MD operation (J°w), freshwater flux at the optimum hydraulic pressure (Jwop) 
and percentage of freshwater flux reduction at the optimum hydraulic pressure (∆𝐽𝑤). Also, 
SEPop and Overall( op )  are representing the corresponded values of these parameters at the 
optimum hydraulic pressure. 
 
Table 5.2 Experimental results by utilizing different commercial hydrophobic membranes  
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Membrane 
Name 
Material dp (µm) 
LEPw 
(bar) 
J°w 
(kg/m2 h) 
Jwop 
(kg/m2 h) 
∆𝑱𝒘 
(%) 
Phop 
(bar) 
**Phmax 
(bar) 
Wmax 
(W/m2) 
SEPop 
(kWh/m3) *** overal l ( op )
  
(%) 
*PTFE02-PP 
PTFE/
PP 
0.22 NA 10 4 60 0.55 1 0.06 0.015 0.0002 
*PVDF02-1 PVDF 0.22 2 29 12.5 57 1.1 1.85 0.4 0.03 0.0013 
PVDF02-2 PVDF 0.22 2 22 16 27 1.28 1.64 0.52 0.035 0.0020 
PTFE01-PP- 
ALF-P 
PTFE 
/PP 
0.1 4.14 18 11.9 34 1.6 1.84 0.47 0.044 0.0013 
PTFE01-PP- 
ALF-C 
PTFE 
/PP 
0.1 4.14 17 NA NA NA 0.05 0 NA NA 
PTFE01-PP-
ALP-P 
PTFE 
/PP 
0.1 4.14 12 6 50 2.82 3.54 0.42 0.08 0.0013 
PTFE01-PP- 
ALP-C 
PTFE 
/PP 
0.1 4.14 9.5 5.2 45 2.3 2.97 0.31 0.06 0.0010 
PTFE002-
PET-ALF-P 
PTFE 
/PET 
0.02 15.64 18.8 14 26 1.42 1.55 0.53 0.038 0.0016 
PTFE002-
PET-ALP-P 
PTFE 
/PET 
0.02 15.64 13 1.5 88 4.5 8 0.16 0.12 0.0006 
*The tests are conducted using the first developed rig.  
**Phmax is maximum generated gauge hydraulic pressure. 
*** The numbers are rounded by 4 digits. 
 
The first two rows of Table 2 show the recorded data with the primary CWP rig and the rest of 
rows represents the experimental results were conducted on the secondary rig. The PVDF02 
sample was tested within both developed rigs, as the recorded data shown in row 2 and 3 of 
Table 2. As mentioned earlier, the difference between recorded data utilizing this membrane 
sample within the two developed rigs resulted from different operating conditions and effective 
membrane surface areas in the two cases.  
As the summarized data in this table and as explained earlier, the maximum achieved power 
density utilizing the advised membrane samples were 0.53 W/m2 by PTFE002-PET-ALF-P 
sample and 0.52 W/m2 by PVDF02-2 equivalent to average 0.04 kWh/m3 of SEP and 0.002% 
of overal l . As may be seen in this table, utilizing a pristine PTFE01-PP sample in the ALP 
direction (PTFE01-PP-ALP-P), higher Phmax could be achieved compared to the ALF 
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orientation. As the maximum permeate hydraulic pressure of 3.54 bar could be produced 
compared to utilizing this sample in the ALF direction with 1.84 bar. However, as a result of a 
reduction in Jwop from 11.9 kg/m2 h in the ALF direction to 6 kg/m2 h in the ALP one, almost 
the same value of maximum power density (around 0.45 W/m2) has been obtained in both 
mounting orientations of this membrane sample. Moreover, utilizing this membrane sample in 
the ALP direction in compacted format (PTFE01-PP-ALP-C), the whole performance 
parameters including Phmax, Wmax and Jwop deteriorated compared to the pristine one. This 
behavior emphasizes the critical need for the development of pressure resistance membranes 
to be able to run the CWP process for continuous long-term operation in the steady-state 
condition. 
Besides, investigation of the performance of the PTFE002-PET sample confirms the same 
findings as to the PTFE01-PP one. That is, utilizing this membrane sample despite producing 
higher Phmax (8 bar in ALP direction in compared to 1.55 bar in the ALF direction), the 
maximum produced power density reduced by around 70% from 0.53 W/m2 in ALF direction 
to 0.16 W/m2 in the ALP direction. Hence, utilizing the PTFE002-PET sample in the ALP 
direction the freshwater flux at zero hydraulic pressure (J°w) reduced by around 30% compared 
to the ALF one and by around 88% at the optimum hydraulic pressure value compared to the 
initial value at zero hydraulic pressure. Therefore, despite achieving more than five times 
higher hydraulic pressure in the ALP direction, the considerable reduction in freshwater flux 
under higher hydraulic pressure, led to a significant drop in maximum produced power density 
(Wmax).  
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From the last two columns of Table 2, representing of the optimum SEP and overal l values, it 
may be seen that the highest optimum SEP is recorded by PTFE002-PET-ALP-P with 0.12 
kWh of mechanical energy per 1 m3 of permeate volume. However, the maximum recorded 
overal l  achieved by the samples with the maximum power density, including PVDF02-2 and 
PTFE002-PET-ALF-P, calculated approximately 0.002%. Here, it needs to be mentioned that 
the concept feasibility of the proposed CWP process has been firstly proved utilizing two 
commercial hydrophobic membranes with 0.2 µm pore size, which was typical membranes 
used in MD system for the desalination purpose. The maximum overall efficiency utilizing this 
membrane samples, as mentioned in Table 2, was approximately 0.001%. However, there were 
some ambiguities on the system performance utilizing the commercially available smallest pore 
size membrane in 0.1 µm and 0.02 µm pore sizes. Therefore, in this study to examine and 
measure the system performance and process efficiency, the most advanced commercially 
available hydrophobic membranes supplied and tested. As the reported results by this 
experimental investigation, the maximum estimated efficiency utilizing the currently available 
membranes were 0.002%. Considering the investigation results by this study, the necessity of 
development of the new generation of membranes customized for the CWP process by MD 
system has been realized. Besides, improving the MD configuration via the possibility of 
utilizing the customized spacer types to both mitigate the effect of membrane deformation 
under high hydraulic pressure and reduce membrane surface area blockage with spacer matrix. 
It should also be considered that the calculated value for overal l

 is an underestimate of the correct 
amount, considering the presence of heat loss from the hot channel to the surroundings. By 
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developing more advanced isolation system, the rate of heat transfer from the hot feed channel 
could be reduced; thus, the overall system efficiency could be improved. 
Mounting the un-laminated membrane samples, the maximum hydraulic pressure equivalent to 
the mounted membrane LEP could be expected in the permeate channel and the higher 
permeate flow rate. However, to operate MD systems in a steady condition at high hydraulic 
pressure within the CWP process, the adequate mechanical stability of the membrane sheets is 
also essential. Laminated membrane sheet with back support usually could perform more safely 
in terms of mechanical strength, especially at the high hydraulic pressure rates. It should also 
be noted that applying a more robust supporting mesh structure in the feed channel is critical 
when mounting un-laminated membranes because of the more brittle membrane structure. 
It is also noted that the support layer of the current laminated membranes has an essential effect 
on system performance within the CWP process. The less hydrophobicity, porosity, 
permeability and pressure resistibility of support structure compared to the active layer of the 
current commercial laminated membranes navigated to significant freshwater flux reduction 
by the permeate hydraulic pressure rise. Therefore, the total system performance regarding 
maximum produced power density and optimum freshwater flux cannot be improved 
substantially, by utilizing the currently available hydrophobic membranes for MD application. 
Improving the support layer mechanical strength, permeability and hydrophobic characteristics 
could boost the efficiency of the CWP process significantly. 
In addition, more in-depth analysis of the membrane layer’s microscopy structure and 
morphology could provide better depth insight into the role of all influential parameters within 
the CWP process, including; ICP and ECP effects particularly in the ALP orientation, the 
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degree of membrane matrix deformation under high hydraulic pressure, the reversibility of 
compression process, fouling and scaling phenomena and, etc. The development of new 
generations of membranes is vital to be able to propose novel membrane-based power 
generation techniques as a competitive and sustainable alternative in the future. 
 
5.4.2 Conclusions 
 
In this study, a thorough analysis was conducted utilizing different commercial hydrophobic 
membranes in a PGMD module to produce combined freshwater and hydraulic power. The 
hydraulic pressure is built-up via transferring the freshwater inside sealed storage as a simple 
technique to measure the low power rate accurately. The commercial laminated membranes 
have been tested by mounting in two directions. Besides, the compacted membrane samples 
behavior in each amounting direction have been compared to the pristine one under the same 
operating condition. 
The experimental results show that utilizing 0.1 µm pore size pristine laminated hydrophobic 
PTFE sample in ALF direction led to 1.84 bar of maximum hydraulic pressure, 0.47 W/m2 of 
maximum power density, corresponding to 11.9 kg/m2 h of freshwater flux. The maximum 
built-up hydraulic pressure almost doubled in the reverse mounting direction of this membrane 
sample. Despite achieving higher hydraulic pressure in ALP orientation, the maximum 
generated power density was at the same range of ALF direction with approximately 50% 
freshwater flux drops.  
The similar trend also observed with the 0.02 µm pore size laminated PTFE sample. The 1.55 
bar of maximum built-up pressure and the peak hydraulic power density of 0.53 W/m2 
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generated in the ALF direction accompanied by 14 kg/m2 h of freshwater flux. However, 
despite harvesting five times, higher hydraulic pressure in ALP orientation in contrast with ALF 
one, the peak power density and the accompanying freshwater flux dropped to 0.16 W/m2 and 
1.5 kg/m2 h, respectively in this orientation. Moreover, it was realized that the examined 
compacted membranes experienced an elastic deformation under the CWP process in ALP 
orientation. However, the compacted membrane performance has been deteriorated in 
comparison with the pristine one. 
The study findings prove that substantial membrane compaction under hydraulic pressure 
caused significant freshwater flux reduction. This effect has been more intensified in the ALP 
direction at which the membrane matrix is subject to higher values of built-up hydraulic 
pressure. To be concluded, this study further supported the eventuality of simultaneous power 
generation and saline water desalination using MD technology. Improving the mechanical 
strength of the CWP system components, synthesis and development of the next advanced 
generation of membranes with high hydrophobicity, permeability and compressive resistance 
characteristics will be essential to enhance the system overall efficiency and further develop 
this concept as a future sustainable water desalination technique. 
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6.1 Conclusions 
 
This Ph.D. project aims to explore an alternative way of fresh water production by desalination 
process, to address water, energy and food nexuses in our current climate. One of the main 
concerns in the current desalination systems is the sustainability of the process. In other words, 
developing less energy-intensive desalination technologies to be able integrated into the low-
grade waste heat or renewable sources. In this project, a membrane-based water desalination 
technology called membrane distillation (MD) applied. In recent decades, more research on 
MD systems as a mainly thermal-driven desalination system utilizing microporous 
hydrophobic membranes have been conducted [1, 2]. The MD system proposes some 
advantages in comparison to the current developed thermal desalination systems. The main 
advantage of the MD system is on operating at lower temperature and atmospheric pressure in 
compares to the traditional thermal desalination systems such as MSF and MED. Besides, the 
more compact and simple system design of the MD systems reduces the investment cost of 
desalination setups, particularly in a large commercial scale significantly. The potential to 
integrate to any abundant low-grade waste heat or renewable solar systems to satisfy the 
required STEC and the specific electrical energy consumption (SEEC) of the process is another 
advantage of the MD system. In this research, by aiming to address the sustainability concept 
in water desalination processes, two main approaches followed as below: 
First: The permeate gap membrane distillation (PGMD) configuration, utilized as the preferred 
configuration in this project by considering its unique feature of internal heat recovery. The 
possibility to circulate saline feed firstly through the coolant channel and absorbing the latent 
heat of condensation has the potential to reduce the external thermal energy demand of the 
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process. This feature finally could lead to a more sustainable desalination process by reducing 
the energy demand of the process. As the first step of this study, an experimental MD rig in 
laboratory-scale designed and developed. For this purpose, a lab-scale plate-and-frame PGMD 
module in 800 mm*200 mm dimension, with 0.12 m2 effective membrane area utilizing 
hydrophobic PTFE membrane with 0.22 µm pore size is designed. A set of experimental tests 
have been conducted to explore the designed MD module's performance in different operating 
conditions, including feed flow rate, temperature and salinity. The developed PGMD module 
performance is experimentally investigated for fresh and saline feed water in terms of permeate 
water flux rate, STEC and GOR. The feed temperature at the entrance of cold and hot channels 
set at respectively at TCi=15 ºC, TEi=82 ºC, feed flow rate adjusted in a range of 0.1 to 1.1 L/min 
and feed salinity in a range of (0-30) mg/L. Under the defined test condition, the permeate flux 
varied from (2-12) kg/m2 h, STEC was between 1000 and 2500 kWh/m3 and GOR was below 
1. To increase the process GOR and reduce the STEC, and approach further to a sustainable 
desalination process, some primary considerations have been realized. Based on the 
experimental results, it is realized that the lower feed flow rate will increase the feed residence 
time in flow channels that provide better internal heat recovery and lower STEC within the 
process. Operation at lower STEC is also achievable by increasing flow channel length and 
expanding the feed residence time in MD channels which is corresponded with increasing 
membrane effective area and module dimension which will lead to more investment cost. From 
this part of the research, it is concluded, to develop a sustainable PGMD process, the module 
length, effective membrane surface area and operating flow rate as a function of module 
dimension need to be optimized to maximize internal heat recovery within PGMD system. 
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Notably, in the situation where the external energy source derives from non-renewable fossil 
fuels, improving the internal heat recovery feature will play a more significant role in the 
sustainability of the process.  
This research results proposed a reliable technical data for a scaled-up PGMD module to design 
a more efficient and sustainable desalination system via minimizing the external thermal 
energy demand of the process and producing a higher permeate rate. Furthermore, as part of 
this Ph.D. investigation, an accurate single node theoretical model based on the PGMD module 
configuration is developed and the modeling results validated with experimental values at 
different feed water flow rate and salinity. The comparison shows a good agreement between 
the developed model results and experimental outcomes. The whole achieved experimental 
data of this study stage published in Desalination Journal in 2017, which presented in this thesis 
as chapter 3. The achieved results out of this part provide a reliable and practical source of data 
to develop larger-scale MD setups and to be able to operate the MD systems consistently within 
the long-term operation. 
At the second stage of this investigation, the larger scale PGMD setup in 2000 mm*260 mm 
dimension and with nearly 0.5 m2 membrane area is designed and manufactured. The second 
developed PGMD module had membrane surface area around five times higher than the lab-
scale rig and designed in a way to be able to change the module inclination in different degrees 
from 5° to 15°. The developed rig schematic has been depicted in Appendix 1. The increasing 
module length in the second developed rig compares to the first lab-scale setup in 800 mm*200 
mm dimension, led to longer feed solution residence time within MD channels. Increasing the 
feed residence time could lead to higher internal heat recovery in the flow channels, lower 
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STEC, higher GOR values and overall a more sustainable desalination process. Within the 
duration of this Ph.D., the initial hydraulic test and heat transfer study with fresh water feed 
under differing operating temperatures and flow rates have been conducted utilizing the 
developed flat PGMD module in 0.5 m2 membrane area. By accomplishing some initial tests, 
the detected points of the system deficiency in terms of leakage, high-pressure drop and 
component failures have been identified and rectified to be able to achieve consistent hydraulic 
conditions, no water leakage and steady-state operation during the long-term performance. It 
should be noted that considering the designed length of the second module, adjusting several 
layers of plastic and metal spacers, gaskets, condensing surface and membrane sheet demand 
more accurate and robust design in compares to the smaller length setup.  
The experimental approach in developing a sustainable desalination system for the larger-scale 
application also followed up by designing a third experimental rig by supplying a commercial 
scale spiral-wound PGMD module in 10 m2 membrane area. The commercial module by a 
channel height of 0.7 m and a channel length of 7 m, could provide higher fluid residence time 
within PGMD channels. That could increase system energy efficiency and GOR significantly. 
The developed spiral-wound PGMD rig in 10 m2 membrane area, the module specifications 
and allowable operating ranges are described with more details in Appendix 2. Within the 
duration of this project, a set of initial tests have also been conducted with the third developed 
rig by fresh water feed to examine the system operation under defined test conditions. 
Considering the safe range of system operation (as advised in Appendix 2), the whole rig 
components in terms of required cooling capacity, external heating power and sensors have 
been designed in a way to be able to run the desalination process under steady-state condition 
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over long-term performance. Besides considering the project objective on approaching further 
to a sustainable water desalination system, the external heating system was designed in a way 
to be able to integrate into any external waste heat source or thermal solar energy in outdoor 
applications. The developed pilot-scale PGMD rig, as depicted in Appendix 2 has the potential 
to be utilized in integration to thermal solar sources as an independent, robust desalination 
system in any remora area far from the grid connection. That has the capacity to satisfy the 
daily drinkable water demand of a typical Australian household, with an average water demand 
of 0.4 m3/day. 
The discovery of PGMD system potential for the simultaneous power generation as part of the 
desalination process, in the second year of candidacy, led to defining new project objectives 
for the rest of this Ph.D. Therefore, investigation of long-term performance of the second and 
third PGMD modules respectively in 0.5 m2 and 10 m2 have not been conducted within the 
duration of this project. In the recommendation section of this chapter, some suggestions for 
the future follow-ups of the performance of developed PGMD modules under different 
operating conditions and in integration to sustainable energy sources have been proposed. 
Second: The second undertook technique to approach further to the sustainability concept was 
generating hydraulic power as part of the desalination process via the developed PGMD 
systems. The conventional MD desalination system has STEC in a range of 100-200 kWh/m3 
and SEEC in a range of 0.1-1 kWh/m3 [1, 3]. This electrical energy is mainly used to power 
the electric pumps. The internally produced hydraulic power could be harvested utilizing 
energy recovery devices (ERDs) such as pressure exchange (PXs) to hydraulically pressurize 
the inlet saline feed by exposure to the pressurized permeate stream. If excess hydraulic power 
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was available, it could be converted into electricity through a combination of PX, water turbine 
and generator. The generated hydraulic power within the CWP system may partially or fully 
compensate the energy required for the pumping operation in the desalination process (SEEC), 
considering the mounted membrane sample characterization (LEP, permeate flux, etc.). 
Through laboratory experiments, we have demonstrated that the developed combine water and 
power production (CWP) system has the potential to compensate for the electrical energy 
demand of the desalination process partially. Moreover, by utilizing low-grade industrial waste 
heat, the STEC of the process could also be provided sustainably. 
At the first stage, the feasibility of the CWP concept explored experimentally using the first 
developed poly acrylic membrane module in 0.12 m2 area via utilizing two commercial 
hydrophobic membrane samples. Two innovative and high accurate techniques are introduced 
to measure the small amount of power in the laboratory-scale. One, by transferring the 
produced permeate into different height and applying the permeate channel as the water pump. 
The other by pushing the produced permeate into an air-sealed pressurized tank to utilize the 
permeate gap as an air compressor. It was demonstrated that under steady test conditions, 
applying the un-laminated hydrophobic PVDF membrane with a nominal pore size of around 
0.2 µm led to optimum hydraulic pressure of 1.1 bar, permeate flux of 12.5 kg/m2 h, a power 
density of 0.4 W/m2 and SEP of 0.03 kWh/m3. The results showed that the optimum SEP with 
the PVDF membrane could only provide around 3% of the system SEEC demand at this 
optimum hydraulic pressure, with very low overall system efficiency (approximately 
0.0015%). This power density is also accompanied by approximately 50% of permeate flux 
reduction under 1.1 bar of hydraulic pressure within the permeate gap. We have also 
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theoretically demonstrated that in the case of availability of the advanced membranes, a water 
desalination system incorporating 0.12 m2 area has the potential to simultaneously produce up 
to 5 kWh/m3 of mechanical energy and 380 m3/day of fresh water under typical operating 
conditions of MD system. This amount of energy could adequately provide the electrical energy 
demand of a conventional CWP system operated by the MD system. Moreover, the amount of 
produced water could satisfy the freshwater requirement of one typical house (by assuming 
around 0.4 m3/day of fresh water consumption per household). The achieved experimental and 
theoretical findings have been published in the Q1 journal (JMS 2019; Impact Factor=6.6) as 
presented in Chapter 4 of this thesis. 
At the next stage of the project, the CWP process has been investigated by designing a more 
advanced PGMD system in 0.04 m2 area to examine the most advanced currently available 
commercial membrane samples within this process. The new CWP rig has developed in a way 
to harvest higher hydraulic pressure value up to around 15 bar. Different membrane samples 
have been examined within the manufactured rig and promising results in terms of analysing 
membrane structural behaviour and its effect on system efficiency have been achieved. In this 
study, commercial hydrophobic PVDF and PTFE membranes with smaller pore sizes in a range 
of 0.02 µm to 0.2 µm have been mounted and tested within the CWP system.  
To be able to realize the membrane structure role on the process efficiency, the laminated 
membrane matrix behaviour has been tested by mounting in two orientations; One by facing 
the active layer toward the feed channel (ALF) and the other by facing the active layer to the 
permeate channel (ALP). Besides, the compacted membrane samples behaviour in each 
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amounting direction compared to the pristine one under the same operating condition within 
the CWP process. 
The maximum hydraulic pressure and power density by pristine laminated PTFE membrane 
with 0.1 µm nominal pore size in ALF direction, are measured around 1.8 bar and 0.47 W/m2, 
respectively under 80 °C and 15 °C of the fluid bulk temperatures at the inlet of hot and cold 
sides. The maximum hydraulic pressure and power density increased to around 3.6 bar and 
0.42 W/m2, respectively mounting this membrane sample in ALP orientation. Moreover, it is 
realized that the overall system performance of the compacted membrane deteriorated in 
compares to the pristine one. The maximum power density with the compacted membrane 
sample dropped from 0.42 W/m2 to 0.31 W/m2, respectively under an optimum hydraulic 
pressure of 2.8 and 2.3 bar. A similar trend also observed for the other commercial PTFE 
sample with 0.02 µm pore size with PET support. The maximum hydraulic pressure of 1.55 
bar and the peak power density of 0.53 W/m2 accompanied by 14 kg/m2 h of permeate flux was 
recorded in the ALF direction. However, the maximum hydraulic pressure increased to 8 bar, 
peak power density and accompanied permeate flux dropped to 0.16 W/m2 and 1.5 kg/m2 h, 
respectively in ALP direction. The study findings prove that substantial membrane compaction 
under hydraulic pressure led to significant permeate flux reduction which has been more 
intensified in the ALP direction which the membrane matrix is imposed to the higher value of 
built-up hydraulic pressure. Therefore, produced hydraulic power and efficiency could not be 
improved utilizing current available commercial membrane samples. It could be realized that 
development of new generation of membranes with high compressive and wetting resistance 
features in addition to high permeability, strong mechanical stability, low surface energy and 
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narrow pore size distribution characteristics are vital to be able to propose the CWP process by 
MD system as a competitive technology. It should also be emphasized that considering the 
small size of the developed PGMD modules in this study with 0.12 m2 and 0.04 m2 effective 
membrane area, small mass flow rates for the produced permeate and the small amount of the 
generated power should be anticipated. Throughout our experiments, the maximum 
encountered values for power density and corresponded permeate flux was around 0.02 W and 
0.0002 kg/s, respectively. Therefore, accurate measurements of permeate flux and power 
density quantities formed the main challenges of our research. The two developed methods of 
using the permeate gap as a water pump and air compressor and calculating both the mass flow 
rate of the permeate and the produced power proved to be a very simple and accurate way of 
determining the instantaneous values of fresh water production rate as well as power 
generation. 
It should be highlighted that this study further approved the feasibility of combined power 
generation as part of saline water desalination using MD technology, as a sustainable water 
desalination technology. It is proposed that the developed CWP system utilizing the next 
generation of hydrophobic membranes has the potential to improve the mechanical system 
efficiency, produce higher permeate flow rate and hydraulic power. The achieved experimental 
results of this research stage are presented in Chapter 5 and has been submitted to Desalination 
journal and is under review. 
Overall, the accomplished Ph.D. project by utilizing the PGMD system proposed a sustainable 
technique for the fresh water production combined with internal hydraulic power generation to 
minimize the desalination process environmental footprint. Hence, the thermal energy source 
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of the MD system (STEC) could be any abundant waste heat or any other forms of renewable 
energies, harvesting the internal hydraulic power to compensate for process SEEC may pave 
the way for thoroughly sustainable seawater desalination in the future. 
 
6.2 Recommendations for the Future Work 
 
As an overall gridline for follows up of this research, some recommendations have been 
presented in this section: 
• Investigation of the experimental performance of the developed plate-and-frame 
PGMD module in 2000 mm *260 mm dimension (Appendix 1), considering different 
operating conditions, including feed flow rate, temperature, and salinity. The main 
output parameters could be optimum permeate flux and STEC of the system under 
different operating conditions. The optimum conditions could be defined at the points 
to have a higher permeate flow rate accompanied by lower STEC and SEEC. The 
system performance could be evaluated under different module inclinations, as it is 
considered as a specific feature of the developed module. Evaluating the effect of 
module inclination on the system performance could provide more insight into the 
impact of system hydraulic conditions on process efficiency. It will be predicted that 
the module inclination will affect the pressure drops within the channels, fluid flow 
regime and turbulence degree. Considering the length of the second rig, the existence 
of stagnant air layers will be more probable, as well [2]. It is expected that by figuring 
out the optimum module inclination degree, the volume of stagnant air within the 
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length of the module could be reduced to operate under the optimum conditions and 
all air could be forced out. It is also recommended to explore the system performance 
utilizing both plastic and aluminium sheets as condensing surface besides SS and 
plastic mesh as channel spacers. As all required mesh and condensing sheets are 
provided as part of the developed rig. Utilizing SS, aluminium or copper mesh spacers 
with higher thermal conductivity in compares to plastic one, could improve the rate of 
heat transfer between cold and permeate gaps. That will be expected to lead a more 
significant temperature gradient across the membrane surface and higher permeate flux 
and GOR. Examining the system performance with both condensing sheet’s materials 
and different types of mesh spacers could provide a good understanding and 
comparison on heat transfer phenomena, permeate flux and GOR considering the effect 
of these parameters. The system performance could be analysed in two modes of 
operation. One indoor test, utilizing an electric water heater and the hot water system. 
The second outdoor system, by integrating the developed system to the solar thermal 
sources. It is recommended to evaluate the system performance under steady-state 
conditions for continuous long-term operation in the outdoor configuration to be able 
to assess the system potential as the real case study.  
• As it is described in Appendix 2, a third PGMD experimental rig also has been 
designed and developed as part of this Ph.D. project. The developed pilot-scale spiral-
wound rig with 10 m2 membrane area can satisfy the daily drinking water demand of a 
typical household. Considering the module configuration in PGMD with a channel 
length of 7 m, a high amount of internal heat recovery could be achievable by pushing 
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the saline feed firstly through the condenser channel. Therefore, considering the 
literature survey, utilizing the developed commercial rig a lower amount of STEC in a 
range of 200-400 kWh/m3 and higher value of GOR in a range of 5-8 might be expected 
in compares to the developed lab-scale setup [2]. Within this project, the whole system 
components including heating and cooling circuits, sensors and controlling tools are 
designed and developed in a way to be able to run the system under steady-state 
conditions for the long-term operation. Initial experimental runs conducted by the fresh 
water as feed within the safety limit of module operating conditions as advised in 
Appendix 2, to increase the long life of the module. Identifying the optimum operating 
condition in terms of feed flow rate and temperature to have the most efficient system 
performance could be accomplished as the further investigation of this project. 
Besides, similar to the second developed rig, the long-term system performance in 
integration into any available waste heat source, solar pond, thermal solar collector or 
concentrated photo-voltaic panels could be investigated. Conducting this long-term 
operation of system performance utilizing sustainable energy sources could provide a 
practical source of data to evaluate the system potential for real domestic/industrial 
applications. The developed system could be proposed as a robust, independent and 
sustainable desalination system for the small remote communities.  
• The other recommendation for future follow-ups of this Ph.D. project could be on 
further investigation of MD technology for combined desalination and power 
generation application. In this Ph.D. the feasibility of the CWP process by a unique 
lab-scale PGMD system has been demonstrated utilizing two innovative and accurate 
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hydraulic power measuring techniques. The most advanced available commercial 
membrane samples have been supplied and mounted under this process to evaluate the 
system efficiency via laminated and un-laminated membrane samples. The findings 
approved that, despite mounting the smallest pore size commercially available 
laminated hydrophobic membrane samples (0.02 µm), the system performance in terms 
of overall efficiency and harvested hydraulic power has not improved, significantly. 
Fortunately, a wide range of practical and novel findings explored on CWP process 
feasibility and efficiency within two years of investigation as part of this Ph.D. project. 
The achieved results led to the extraction of two Q1 papers (one published and the 
second under review at this stage). However, considering the novelty and state-of-the-
art of the CWP process by MD system, a high potential for further research activities 
could be realized in this field. Therefore, as further investigation, it will also be 
recommended to explore the CWP system performance utilizing the un-laminated 
small pore size membranes which are available currently with a pore size in a range of 
0.05 µm and 0.1 µm. As it is realized within this research, the back-support layer 
structure has a significant role in the harvested hydraulic pressure, membrane 
permeability and permeate flux. Hence, usually, the back support has lower 
hydrophobicity and porosity besides larger pore size, utilizing an un-laminated 
membrane sample, the effect of support resistance on heat and mass transfer within the 
CWP system will be eliminated. However, considering the significance of membrane 
deformation and the necessity of strong mechanical stability of membrane within the 
CWP process, the functionality of un-laminated membrane sheets needs to be 
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evaluated in more detail by conducting a wide range of experiments under high 
hydraulic pressure rates. Furthermore, synthesis and developing of a new generation 
of hydrophobic membranes customized for the CWP purpose by MD systems have a 
high potential for further research and development to increase the viability and 
applicability of the proposed technique in compares to the current well-developed 
thermodynamic cycles. The necessity of developing of next generation of hydrophobic 
membranes has been identified within this research [4] and few conducted works [5, 
6], to overcome the lack of high wetting and compressive resistance, high permeability, 
narrow pore size distribution, and low thermal conductivity characteristics in the 
available membrane samples. 
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APPENDIXES 
APPENDIX 1: LAYOUT DESIGN OF A PLATE-AND-FRAME PGMD RIG IN 
0.5 M2 MEMBRANE AREA 
 
After the successful demonstration of primary developed PGMD rig in laboratory-scale and 
achieved knowledge in terms of system performance and efficiency [1], the second flat PGMD 
rig in five times larger membrane area than the lab-scale rig was developed. The purpose of 
developing the second rig was to be able to investigate the PGMD system performance in pilot-
scale in terms of main output parameters including permeate flux, STEC and GOR. 
The second PGMD module designed in 2000 mm*260 mm dimension and has developed with 
the possibility to adjust the module angle in different inclination (5-10-15) degrees. The second 
rig also developed with full process analogue sensors connected to the data logging system. All 
system components, including sensors, heating and cooling element, are designed and 
assembled in an efficient and more professional configuration by attention to the achieved 
knowledge of the first lab-scale setup.  
The proposed system schematic with the developed experimental rig is depicted in Fig. A1-1. 
The saline feed solution could be prepared in different concentrations of salt to be able to 
investigate the system performance in a wide range of salinity from fresh water to seawater 
(approximately 3% salinity) and even to saturation status (approximately 25% salinity). The 
cold saline water is pumped using the 12V DC pump to the first mechanical filter to remove 
any large bits of solids and debris from the feed stream. A group of analogue sensors, including 
k-type thermocouple, pressure transducer and flow meter have been considered to measure all 
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effective parameters at the condenser channel inlet. As the cold saline water flows through the 
condenser channel, it absorbs the latent heat of condensation from the permeate channel that is 
separated by the condensing sheet from the cold channel. This internal preheating could reduce 
the external thermal energy demand (STEC) of the process. Similarly, another set of 
measurement device such as a thermocouple, pressure transducer and pressure gauge have been 
assembled to record the temperature and pressure at the outlet of the condenser channel.  
 
 
Fig. A1-1. Schematic diagram of the proposed experimental PGMD system 
 
The preheated feed source passed through to the heat exchanger which in indoor tests will be 
an electric water heater utilizing a copper coil and a 4.8 kW portable electric heater. Then, the 
heated water up to a temperature at around 80 °C moves through the third set of measurement 
devices to record the temperature and pressure and a second mechanical filter before entering 
to the evaporator channel. The second mechanical filter at the highest temperature position and 
with smaller pore size in compares to the first mechanical filter could separate all salts with 
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reverse solubility at the high temperatures. Besides, the second filter could separate any 
corroded bits of the copper coil before the entrance to the evaporator channel As the heated 
water travels through the evaporator channel, the water vapour diffused through the mounted 
hydrophobic membrane which drives by temperatures difference across the membrane surface. 
The diffused vaporized water through the membrane pores then condensed in contact with the 
cold surface in permeate channel. The utilized condensing surface has been designed in plastic 
and AL sheets, to be able to investigate the effect of condensing material on process efficiency 
and heat transfer phenomena. At the end of this process cycle, the hot saline water flows out of 
the evaporator channel, returned to the feed water tank with the higher salinity. A constant 
freshwater rate, equal to the produced permeate volume has to be added to the permeate tank, 
regularly, to maintain the feed water tank salinity at a consistent level during the whole system 
operation. 
 
 
 
 
 
 
 
 
 
 
Fig. A1-2. The developed plate-and-frame PGMD experimental setup in 0.5 m2 membrane area 
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Fig. A1-2 depicts the developed PGMD rig in 260 mm width and 2000 mm length. Some initial 
experiments on evaluating the hydraulic condition and heat transfer phenomena in the 
developed module have been conducted. Fig. A1-3 has depicted the results of the initial 
investigation on pressure drop, pumping power, friction factor, and Reynolds number. The 
initial experiments are done by running fresh water in the condenser channel to study the 
hydrodynamic conditions within the PGMD module. As it is evident from these graphs, by 
increasing the feed flow rate, the pressure drop will increase, and the demanded pumping power 
will also increase. As it is clear from the hydraulic tests, the max pressure drops in the MD 
setup for the examined operating flow rate (between 1 L/min to 5 L/min) was less than 0.2 bar 
in condenser channel. Besides, the amount of maximum pumping power was less than 1.5 W 
for the designed experimental rig under the examined operating conditions. It is expected that 
the amount of pressure drops, and pumping power will increase with increasing the feed water 
salinity. The friction factor in the condenser and evaporator channels calculated based on the 
Darcy equation [11]. By increasing the feed flow rate, the turbulence in the flow channel 
increases so the Reynolds number increases. Increasing the feed flow rate also leads to a lower 
friction factor in the module channels. Exploring the novel idea of CWP production within the 
MD system, the long-term performance investigation of the developed pilot-scale system in 
indoor and outdoor conditions has not been conducted, comprehensively within the duration of 
this Ph.D. The general recommendations on further follow-ups of this project have been 
discussed in Section 6.2. 
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a b 
Fig. A1-3. a: Pressure drop and required pumping power; b: friction factor and Reynolds number in the 
condenser channel of the developed PGMD module at different fresh water flow rates. 
 
APPENDIX 2: LAYOUT DESIGN OF A PILOT-SCALE SPIRAL-WOUND PGMD 
RIG IN 10 M2 MEMBRANE AREA 
 
In follow-ups of demonstrating sustainability in fresh water production, a stand-alone 
pilot-scale PGMD system has been designed to be integrated into the thermal solar sources. 
The developed MD rig could satisfy the drinkable water demand of a typical Australian 
household (around 400 L/day) [2]. For this purpose, a commercial spiral-wound PGMD rig in 
10 m2 membrane area purchased from SolarSpring GmbH. The proposed PGMD system with 
the internal heat recovery feature and in integration into renewable energy sources could be 
applied as a sustainable fresh water production technique particularly in the remote area in the 
far distance from the grid and with scarcity in the fresh water supply. The supplied commercial 
module has a channel height of 0.7 m and a channel length of 7 m. The mounted membrane 
sample in this module is the PTFE sample on a PP backing with around 0.2 µm average pore 
size produced by Gore model L32233. The LEP value of the utilized membrane is reported at 
around 4 bar that could decrease down to around 3 bar to 3.5 bar after the duration of the 
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operation. The maximum allowable hydraulic pressure at the condenser inlet is defined based 
on the utilized membrane LEP value, which because of the safety consideration and to increase 
the module lifetime set at around 0.8 bar. This value is equivalent to the maximum of 0.4 bar 
transmembrane pressure, which defined as the pressure difference across the membrane 
surface. The maximum allowable temperature at the hot channel inlet is up to 85 °C and the 
maximum flow rate at around 8.3 L/min. The system temperature kept below 80 °C for the 
whole duration of the experiments and varied in a range of 60 °C to 80 °C. The feed flow rate 
also needs to be adjusted in a range of around 4 L/min to 8 L/min. This range of operating flow 
rates could guarantee the module channel gauge hydraulic pressure to be at a value less than 1 
bar.  
In terms of the PGMD module maintenance, a periodic rinsing with a mild acid such as 
citric acid is recommended by the manufacturer company to remove the carbonates perception 
falling out from the tap water which could gradually accumulate in the hot regions of the 
module. A washing interval of every 2-3 weeks is suggested if the module is going to run 
continuously. Otherwise, for batch operation, longer intervals could be applied. Connection 
manifolds of the applied PGMD module are depicted in Fig. A2-1a. As shown in Fig. A2-1a, 
the applied PGMD module has five connectors, four thick ones (20 mm diameter) and one 
small one (12 mm diameter). 
The connectors belong to the following channels:  
1. Condenser channel (CIN and COUT, 20 mm diameter)  
2. Evaporator channel (EIN and EOUT, 20 mm diameter)  
3. Distillate channel (DOUT, 12 mm diameter)  
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The image of the supplied spiral-wound PGMD module in the 10 m2 membrane area is also 
shown in Fig. A2-1b. Similar to the developed plate-and-frame rigs in this study, the saline 
feed firstly pushed in the condenser channel inlet from the bottom of the module to be pre-
heated. The heated saline feed then passed to the external heater to increase its temperature to 
the higher value up to around 80 C. The heated saline feed then entered to the evaporator 
channel inlet from the bottom of the module. The channel outlets are mounted at the top side 
of the module to force any air molecules out of the cold and hot channels. Besides, to make 
sure the permeate gap is filled with water, the permeate outlet also is adjusted at the top side of 
the module. 
 
a b 
Fig. A2-1. a: Connectors of the PGMD spiral-wound module; b: Supplied spiral-wound PGMD module in 10 m2 
membrane area. 
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Fig. A2-2. Developed pilot-scale spiral-wound PGMD rig for seawater desalination in 10 m2 membrane area 
 
The schematic design and the developed PGMD setup for seawater desalination are depicted 
in Fig. A2-2. The proposed schematic of PGMD rig in conjunction with CPV panels to harvest 
the waste heat of the CVP panel as a potential thermal energy source is also depicted in Fig. 
A2-3. The process diagram is developed based on the same concept as explained with the lab-
scale setups. As the saline feed water firstly pumped to the condenser channel by a DC water 
pump to be pre-heated. Then the cold saline water after passing through the mechanical filter 
and measuring system flow rate pumped into the condenser channel. The saline water with a 
higher temperature then flows through the external heat source to increase its temperature to 
the value in a range of 60 °C to 80 °C. In the evaporator channel, as a result of the temperature 
gradient across the membrane surface, evaporation of water molecules happened. The 
vaporized water then diffused through the membrane pores to be condensed at the permeate 
channel. Hence, the outlet of the evaporator channel recirculates back into the feed water tank; 
  94 
the feed temperature will slowly increase. To be able to run the process continuously under the 
steady-state condition and fixed temperature at the inlet of condenser channel, the saline feed 
passed through an air-cooled fan to cool the saline feed to a temperature at around ambient 
temperature. Besides, to maintain the feed tank salinity at a constant value for the whole 
duration of each test, the equivalent amount of the produced permeate regularly needs to be 
added to the feed water tank as the makeup water. Adjusting consistent operating conditions, 
including feed temperatures, concentrations and flow rates, are essential to be able to analysis 
and confirm the experimental results under the assumed operation condition.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A2-3. The proposed schematic of the spiral-wound PGMD rig in integration into CPV panels for seawater 
desalination. 
 
A set of initial investigations utilizing fresh water feed under the safe range of the applied rig 
operating conditions have been conducted within this Ph.D project. The achieved results 
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confirmed that the whole desalination process could be conducted utilizing the developed rig 
under the steady-state condition for a continues long-term operation. As it is advised in the 
Introduction Chapter of this thesis, emerging new horizons in this Ph.D. project as a result of 
exploring CWP potential, investigation of the long-term performance of the developed PGMD 
system did not accomplish within this Ph.D. project. However, the presented Appendixes and 
the overall recommendations in Section 6.2 provides proper guideline and instructions for the 
future follow-ups of this project.  
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